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An experimental study of magnetic signals from laser-
produced plasmas has been performed. From 2 to 30 joules of
laser energy impinged upon metallic and hydrocarbon targets
in pulse lengths of from 4 to 80 nanoseconds, and at inci-
dent angles of 0° and 45°. Two magnetic signals were detec-
ted using inductive probes; one whose peak intensity is
temporally coincident with, and whose rise time is a func-
tion of the incident laser pulse length; the second longer-
lasting and time-delayed from the arrival of the laser pulse
on target. The first signal results from electrons emitted
anisotropically from the laser-produced plasma. This emis-
sion current is limited by space charge effects, and is
strongly dependent upon the ambient gas pressure over the
range of 10~ 6 to 10 +1 Torr. The second magnetic signal
arises from misaligned temperature and density gradients
within the laser plasma. The dependencies of these signals
on residual gas pressure, laser pulse length and shape, and
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Since the term "plasma" was first applied to ionized gases
by Langmuir in 1928, the study of such collections of ions and
electrons has continued to increase in scope and importance
because of the wide range of physical situations in which
plasmas are found. In most plasma physics studies, such as AC
and DC arcs, gas discharge tubes, exploding wire experiments,
and other plasma generation schemes , electromagnetic fields
are used to produce the plasma. Since its development in the
late 19 50 's, the laser has proven very useful in the generation
of hot dense plasmas which are effectively free of such exter-
nally applied electromagnetic fields. With the advent of the
Q-switch, much higher power densities became available for such
plasma studies
.
The discovery of the phenomena, which were investigated
with magnetic probes in this thesis, arose from the study of
laser-produced plasmas. These phenomena are the emission and
propagation of energetic electrons from a laser-produced
plasma into a pre-ionized background plasma, and the genera-
tion, propagation, and decay of self-generated magnetic
fields (SGMF) .
Interest in electron emission currents from laser-produced
plasmas has increased recently because of the possibility that
plasma instabilities may play an important role in such elec-
tron emission. SGMFs arise when temnerature and density gra-
dients are nonparallel to one another. Such magnetic fields
14

may contribute to the development and growth of various plasma
instabilities, influence the dynamics of the laser plasma ex-
pansion if their magnitudes become sufficiently large, and
affect the cross field transport coefficients
.
Another source of interest in these two phenomena is their
application as a plasma diagnostic technique, as in using
these magnetic signals to evaluate the degree of uniformity of
implosion in proposed laser initiated fusion experiments. The
aim of such experiments is to heat a pellet to fusion tempera-
tures and densities by tailoring the laser pulse length, pulse
shape and energy so that such pellets when irradiated from
many directions will be symmetrically imploded by the shock
waves which are formed in the material.
In an ideal spherical implosion, temperature and density
gradients remain everywhere parallel, and no SGMFs are gen-
erated. The work, reported herein, and the results of prior
investigations of SGMFs (Refs. 1-6) all used either planar or
thin fiber target geometries, and nonspherical expansions
resulted. Because of the directed plasma expansion, and the
fact that finite width laser beams were incident upon semi-
infinite planar targets, nonparallel temperature and density
gradients were generated. Magnetic fields were, therefore,
generated in an azimuthal direction with a symmetry axis which
was the target normal (see Figure 1) . Such data can be com-
pared with that which will be obtained from the pellet implo-
sion experiments to evaluate the uniformity of the implosion.
The observation of electron emission currents flowing in the
15

ambient background gas is also of importance for laser fusion
studies , as their number density and energy may indicate the
degree to which instability or anamolous heating occurs in
the imploding fusionable material.
The work reported in this thesis is directed toward more
fully understanding these phenomena. The thesis problem
follows from the investigations of SGMFs referred to earlier
and of electron emission currents CRefs. 7-12):
CI) What are the source and accelerating mechanisms,
spatial characteristics, time history, and pres-
sure dependence of the electron current flow which
occurs when high intensity lasers are incident
upon hydrocarbon and metallic foil targets.
(2) How does the time history and magnitude of SGMFs
change as the incident laser parameters of pulse
shape, pulse length, wavelength, and background
gas pressure are varied.
In answer, in this thesis, are reported the two component
magnetic signals which have been obtained when ruby, Nd glass,
and CO2 laser pulses of from 2 to 30 joules in 4 to 80 nano-
seconds full width at half maximum intensity (FWHM) were inci-
dent upon planar hydrocarbon and metallic foil targets. The
laser beam was incident at angles of 0° and 45° relative to
the target normal; background gas pressures ranged from 10~ 6
to 10 +1 Torr of air. The effects of target material, pulse
length and shape, laser wavelength, ambient gas pressure, and
total laser energy have been investigated in this study.
Additionally, the results of modeling the SGMF phenomenon on
a computer CRefs. 13-14) are compared with the experimental
results obtained here. As a new result, an early time signal
CETS) due to electrons which are emitted by the laser-produced
16

plasma into the photoionized background plasma has been detec-
ted. Secondly, the time history of the SGMF signal indicates
that a different regime has been investigated when compared






A. SELF-GENERATED MAGNETIC FIELDS
A description of the generation, propagation, and dissi-
pation of the late time SGMFs is included in the two fluid MHD
equations. When the momentum transfer equations for the ion
and electron species are linearized in the manner of Spitzer
(Ref. 15} and the gravitational potential term neglected, the
equation of motion for the plasma as a whole is obtained.
dv j
P at c x B " VP (1)
as is the generalized Ohm's Law (current equation)
*% " "di ± V dt 1 ± i * iJH_ )±L =E+ }L xB + i^Vp _ _J_ x B _ J_ (2)
ne 2 dt c ne e nee a
where V refers here to the plasma flow velocity. These equa-
tions, when combined with Maxwell's equations for the electro-
magnetic fields, an equation of state for the plasma, and the
mass continuity equation, form a complete set which describes
the behavior of the plasma. To obtain the equation which
describes the generation propagation, and decay of the magnetic
field, one returns to the electron component equation of motion.
The electron plasma frequency is much larger than any experi-
mental frequencies of interest, which allows the neglect of
the electron inertia term. Solving for the electric field yields
18

- — VPe - -® X B (3)a ne c
where Ve refers to the electron velocity, not the plasma flow
-y
velocity V. This value of the electric field is inserted
into Maxwell's equation relating electric field intensity to
the time derivative of the magnetic field yielding:
SB +* e -* c
-^r=VxV^xB--Vxj + Vx — VP^ (4)3t « a J ne e v '





and simplifying the resulting expression produces
an equation which describes the generation, propagation, and
decay of the SGMFs (Ref . 4)
.
^=-=VxV^xB + ^— V 2 B + — VT~ x Vn (5)3t e 4tto ne e
The first term on the right-hand side of (5) describes the
convective transport of the magnetic field, a situation in
which the magnetic Reynold's number CRef. 16) is much greater
than 1. In such situations, the field moves with the local
plasma velocity, typically on the order of 10 7 cm/sec for
laser-produced plasmas (Refs. 5, 7).
Term two describes a situation in which the magnetic field
diffusion time is small compared with the time required for
19

the transport of the field a characteristic distance L at the
convective transport velocity. The diffusion time is the e-
folding period in which Ohmic losses dissipate the magnetic
field energy, B 2 /8tt. It is approximated by replacing the
second term in C5} by c2 B/4iraL 2 , where L is a length charac-
teristic of the plasma under investigation. The solution of
the resulting equation is
B = BQ eT^/to (6)
where the diffusion time tQ is defined as
a
4W (?)
Note that the magnetic Reynold's number, R , referred to




Magnetic diffusion is dominant where R^j <<. 1, a situation
which occurs either due to laser plasma cooling or if the
plasma temperature never reaches a high enough value to effec-
tively "freeze" the magnetic field into the laser plasma.
The third term on the right-hand side of (5) is the one
which describes the generation of the magnetic field. As is
evident from its dependence upon temoerature and density
20

gradients, it will reverse sign upon the inversion of either
gradient, or their relative orientation one with the other.
For situations as in those used herein, i.e., planar targets,
at pressures of less than a few Torr, the SGMFs are cyclin-
drically symmetric about the target normal , independent of
the laser incidence angle. A corresponding independence of
the direction of ejection of plasma plume on the laser inci-
dense angle has been observed in the laser plasmas produced
by Q'-switched ruby systems for pressures of less than a few
Torr (Ref. 17). Note that this does not uniquely determine
the sign and orientation of the gradients responsible for the
fields, since their vector product is involved, and several
combinations will yield the same polarity field. A further
description of this source term can be found in References 2,
5, 7, and 14.
B. LASER PLASMA ELECTRON EMISSION — THE EARLY TIME SIGNAL
(ETS)
In this investigation, an "early time signal" (ETS) has
been observed and attributed to electrons which have been
emitted from the laser plasma while the laser is still incident
upon the target, and which then flow through the partially
photoionized background gas plasma. A number of investigators
have detected the presence of electrons which are emitted from
laser plasmas (Refs. 7-121 , though little theoretical effort
has been reported on emission from such a "plasma cathode."
Herein, source mechanisms for this electron emission are dis-
cussed. Thermionic electron emission, certain plasma instabi-
lities, and laser beam self-focusing phenomena are discussed
21

since all may contribute to the emission observed in this
experiment
.
1. Thermionic Emission From a Plasma
The concept of thermionic emission must be modi-
fied for use in describing the electron emission responsible
for the ETS . Additionally, the influence of space charge and
the geometry of the emitting surface of the laser plasma must
be considered.
In the derivation of the Richardson-Dushman equa-
tion (Ref. 18) which describes thermionic emission, a Fermi
-
Dirac electron distribution function is used as the emitting
surface is a metallic solid. In a plasma, the distribution
function is much more closely a Maxwellian. When the Richardson-
Dushman equation is modified using a Maxwellian distribution
function, a planar emitting surface of plasma of area irR 2 at
a temperature T (°K) is introduced, the emission current from





) 1/2 e kT (9)
where W is the "work function" of the plasma, and space charge
effects have been temporarily neglected. As discussed by
Siller CRef. 12) , the work function W is of order kT, i.e.,
the average thermal energy of the plasma.
At times in the laser plasma formation when the
laser is still incident upon the plasma, and the plasma plume
has not expanded very far, the lateral extent of the plasma
22

is large compared to its depth, and one is correct in apply-
ing a formula derived assuming a planar rather than spherical
surface. For instance, at a time 5 nanoseconds after the
laser pulse arrives, the aspect ratio, i.e., lateral extent
to depth from the target of the laser plasma, is about 3. As
above stated, equation (9) neglects the effects of space
charge, which can* radically decrease the electron emission
from a thermionic source and is closely tied to the ambient
gas pressure in the "plasma cathode".
When electrons are removed over a significant dis-
tance (greater than a Debye length) , a large potential is
rapidly produced which prevents further emission and decel-
erates the electrons already emitted. This space charge effect
is incorporated by introducing the space charge potential, U
,









This implies that a local potential minimum is
formed on the cathode surface which limits the emission. An
estimation of the space charge potential which is established
is obtained from an estimate of the temperatures and densities
of the laser plasma and the photoionized background plasma.
One uses equation ClOa) for each of the two plasmas, and assumes





CWa + us l
~iet7"
(10b)
where the subscript 1 corresponds to the laser plasma, and 2
to the photoionized background plasma. The corresponding equa-
tion for the background plasma, which is taken to be at the
reference potential, is
1.2 an. /TT e
"JcTT
(10c)
where Wi and W2 are plasma work functions (Ref . 12) .
To relate the space charge potential, Ug, to the
plasma parameters of temperature and density, a quasi-steady
state is assumed and the thermally emitted currents are
equated, i\ = i2 . Solving for Uq yields
kTi







- Wi + — W2
T 2
(11)
Where W} and W2 , the plasma work functions are of order kT.









solves equation (11) for U as
(12)
Assuming the plasmas are in equilibrium, i.e., ^ ^ Te , one
24

Uc = Lns 2e n2 2 T 2ni2
(13)
A question to be addressed here is why the elec-
tron emission is anisotropic, as implied by the experimental
results later presented. At early times in the laser plasma
formation and expansion processes, when these electrons are
emitted, the plasma surface is nearly planar. The emission
from such a planar source, then, is preferentially perpendi-
cular to the target. It is not until the hydrodynamic expan-
sion begins to dominate that a more nearly hemispherical shape
becomes evident. Additionally, a hemispherical emission geo-
metry will not give rise to a measurable magnetic field in
the azimuthal direction, as is the ETS . Note also that the
relatively small magnetic field produced by a continuing an-
isotropic emission will be indiscernable in the larger, more
intense SGMF.
If the SGMF intensity is sufficiently strong, as
has been predicted by theoretical computer modeling of the
phenomenon (Refs. 13, 14), then the electron emission parallel
to the target will be reduced because of the gyration of these
electrons around the magnetic field lines. By symmetry, only
along the target normal where the azimuthal field must go to
zero, will these electrons not be influenced by the magnetic
fields . This is a second explanation for the anisotropic
emission of electrons from the plasmas.
25

2. Plasma Instabilities as an Electron Source
The presence of large thermal and density gradients,
and possibly very strong magnetic fields at the focal spot
(Refs. 14, 20, 21}, may contribute to the formation of plasma
instabilities, which in turn, may contribute to rapid local
plasma heating or to electron emission directly.
One mechanism, which has been proposed to cause the
acceleration in the space charge free interior and subsequent
emission of electrons from a laser-produced plasma, is the
result of a collisionless interaction of the laser radiation
with the plasma due to the spatial change of the refractive
index. This interaction has been invoked as the source mech-
anism for the high energy electrons of 100 KeV recently
observed in laser-produced plasmas by Siller, and others
(Ref . 12) . They derive an expression for the minimum thres-
hold laser intensity for which the instability occurs for
temperatures of >100 e.V. as
I > 2.08 x 10 llt T * 25 (watts/cm 2 - e.V.) (14)
This restriction on the incident laser intensity seems to
rule out the application of this phenomenon to this experi-
ment, where the laser intensity was 5.0 - 9.0 x 10 12 watts/cm 2 ,
and that of Siller, where it was 10 10 watts/cm2 . This problem
was resolved by postulating that localized laser beam self-
focussing was occuring, and that filaments were created in
which the local intensity of the laser beam was increased
26

sufficiently to meet the above criterion. The authors addi-
tionally derived an expression relating the maximum current
density to the total area and number of these filaments, arriv-
ing finally at a relationship between the emission current
and the laser power, PL , as
(i
- !)j « b PL
X *' (15)
where it was assumed that the temperature of the laser-
produced plasma was functionally dependent upon the laser
power by a power law, i.e., T <* p£. Generally, similar experi-
mental conditions were used in this experiment as compared to
that for which this theory was derived in Reference 12.
It is also possible that the emission of these fast
electrons may be related to the magnetic fields which are
self-generated within the laser plasma. For example, the ion-
ion two stream instability is enhanced and present at signi-
ficantly lower electron temperatures when magnetic fields are
present (Ref. 22). As above, such an instability could cause
the laser plasma which is flowing into the photoionized back-
ground gas to deposit a portion of its energy into a localized
volume and cause a large local temperature increase, and in
turn, an increase in thermal electron emission.
3. Pressure Dependence of Magnetic Signals From Laser
Plasmas
The pressure dependence of the SGMF signal has been
rather thoroughly investigated in two previous studies (Refs. 4
and 5), and will be discussed in Section III. The ETS pressure
27

dependence, however, has not been previously explained though
a number of investigators have observed pressure-dependent
electron emission current effects CRefs. 8, 9)
.
The background gas in this experiment is photoionized
by DV photons produced by the laser plasma. To relate the
emission current, i_, to the plasma parameters, we consider
the thermal emission currents crossing the background plasma
laser plasma interface. Such currents are described by equa-
tions ClOb) and (10c} , in which space charge effects are in-
cluded. From equation (10b) , we have an expression for the
emission from the laser plasma, and from equation (13) , one
for space charge potential Uq . However, equation (13) for
Uo has been derived assuming that the interface between the
laser-produced plasma and the background plasma, in which the
probe is located, is stationary. In fact, it moves outward
from the target surface with a velocity U, where U is of the
order of 0.1-0.15 Vt^ , where V.^ is the thermal velocity of a
laser-produced plasma electron. As a result, the dynamic
space charge potential Ug is effectively less negative by an
amount 3 = (vth/^vth +u ))
2
-
The plasma motional velocity
effectively increases the current out of the laser plasma.
The result of this decrease in space charge potential modifies
the relationship for U~ to
kT
2e \n2 2 T 2m2/
U
s
o Ln f — -^\ (16)
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For the experimental situation, D is of the order of 1.0 -
2.0 x 10 7 cm/sec, while V.. is on the order of 10 8 cm/sec.
Then if we define g = ^th^^th + U) J 2 ' then 3 3 °* 69 ~ °- 83 -
To evaluate the effects of the background gas pressure upon
the electron emission current, insert equation (16) into equa-
tion ClOb) to obtain
s
i o gCn,T 1 ,T 2 ,m1 ,m 2 ,a)n 2 (17)
where gCn /T1#T 2 ,ma ,m1 ] is given by (n 2 2T 1M 1 ) 1-e (T 2m2 ) B/ 2Me
-1 / 2
Note that n 2 ->- 0, Us -» «>, i.e., the emission current
ceases at low pressures. Recall that the magnetic field, B,
is proportional to the emission current, i
s
, and that the back-
ground density, n 2 , is proportional to the background pressure,
P2 • As the background pressure increases, a power law depend-
a
ence, P , is expected. An additional phenomenon occurs when
the pressure is increased to a value where the mean free path
of the emission electrons becomes comparable to the experimental
chamber dimensions. As this occurs, the electrons emitted by
the laser plasma close their current paths closer and closer
to the diagnostic probes, until at last the current loops
close entirely between the target and the diagnostic probes.
The effect is that the net enclosed current seen by the mag-
netic probes is zero, and no magnetic field is detected. For
electrons emitted with the average thermal energy of the laser
plasma, which will be calculated to be on the order of 12.5 e.V.,
this effect should occur at or near a pressure of 10~ 3 Torr.
29

To incorporate this phenomenon, recall that for energies below
a KeV, the electron range in air has been observed to scale
inversely with pressure CRef . 23) . The effect is to decrease
the magnetic field signal with increasing pressure, i.e.,
B « i cc apS • p-l n a P& _1 (18)
where B has been shown to be of the order 0.69 - 0.83 for
the experimental conditions in this experiment. Then, for
pressures greater than about 10~ 3 Torr, the pressure scaling
of the magnetic field is
B a a 1 p-o.3 ( 19 )
30

III. PREVIOUS WORK — RELATED EFFORTS
Four areas related to previous investigations of laser
plasmas are discussed below: (A) work primarily directed
toward the study of SGMFs; CB) experimental studies display-
ing magnetic field occurrence in laser-produced plasmas ; (C)
electron emission from laser plasmas; CD) background gas pres-
sure dependence of SGMFs and electron emission from laser
plasmas
.
A. SELF-GENERATED MAGNETIC FIELDS CSGMF)
Stamper, et al (Ref. 2) were the first to investigate
SGMFs from solid targets in an experiment studying the dia-
magnetism of a laser-produced plasma. They used a variable
30 to 45 ns FWHM laser pulse, produced by a Nd glass laser,
a long (54 inch) focal length lens, and delivered up to 60
joules to their lucite fiber target; the ambient background
gas in their vacuum chamber was nitrogen, typically at pres-
sures of a few mTorr. A background gas pressure dependence
of the field magnitude was observed, as was the effect of dif-
fering target materials. When a 250-micron (lucite) fiber was
used as the target, definite asymmetrical effects ascribed to
the target geometry were observed. However, no systematic
parameter study was reported with respect to these effects. A
theory attributing the SGMF to either or both thermoelectric
effects or misaligned tenroerature and density gradients was
presented and rather sketchily discussed. Stamper has
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subsequently published related articles discussing other pos-
sible source mechanisms for such magnetic fields at very high
incident laser fluxes CRef . 27 J . These are not directly
applicable to the work reported herein.
Another experimental study of these SGMFs was performed
at the Naval Postgraduate School CNPS) , Monterey, California.
It was begun by Davis CRef. 3J and has been continued by McKee
and Bird (Refs. 4, 5). In their work, a 7.5-joule, 25-nano-
second FWHM laser pulse at a wavelength of 1.06u was employed.
Davis' early work used a mylar target, one magnetic probe, and
one electrostatic probe in the attempt to observe magnetic
fields in ambient gases of air and nitrogen at pressures of
1.0-1000 mTorr. Only a few data were taken, but the azimuthal
nature of the fields was confirmed, and the first mention of
the possible significance of electronic heat conduction occurred.
A more complete experimental investigation of SGMFs using
magnetic probes was conducted by McKee and continued by Bird,
using double electrostatic probes. The laser pulse was
focussed onto a 5-mil mylar target at background pressures of
0.1-1000 mTorr. A detailed spatial mapping was obtained by
passively integrating the dB/dt vs. time probe signals with
an RC integrator, and then spatially resolving these data into
contour plots, time being parametric. Again, as in Stamper's
early work, the peak magnetic field propagated with the velo-
city of the laser plasma as it expanded into the background.
A systematic variation of the nitrogen background pressure was
performed, and an amplification of the field magnitude by
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a factor of six was observed over the pressure range of 1.0
to 250. mTorr. The results were interpreted by assuming that
nonparallel temperature and density gradients are responsible
for these SGMFs . The fields were found to be symmetric about
the target normal, even though the laser beam was incident at
30° to the target normal. Late Ci.e., long after laser shut
off) field reversal effects were presented, along with the
explanation of these effects as being related to temperature
and density gradient reversals. An important conclusion which
they drew from their data was that the magnetic field was
being continuously generated even after the laser had shut off.
Bird's work investigated the spatial and temporal rela-
tionships between the magnetic fields and density profiles,
the effects due to various background gases and gas pressures,
and differing target materials. Perhaps most interestingly,
Bird observed a two-component magnetic field similar to that
evident in the data presented herein: a near instantaneous
magnetic pulse was observed with his magnetic probes. This
"early" signal lacked the time delay behavior associated with
a "frozen" SGMF pulse. Two other effects are of particular
interest in his work: (1) the magnetic field was found to be
spatially in front of the density profile and (2) a late time,
field reversal occurred at the front of the expanding laser
plasma near the axis of symmetry of the field (i.e., target
normal) . The second effect is important because it strengthens
the contention that the nonparallel temperature and density
gradients are responsible for SGMFs.
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One other important study of SGMFs performed by Giovanelli
and McCall (Ref. 6) used a 10-joule, 50-picosecond laser pulse.
In it, their magnetic probe detected SGMFs when polyethylene
targets 130 or 25 microns thick were irradiated at a back-
ground pressure of 0.5 mTorr. Magnetic fields of 1.0 to 3.0
gauss were detected which displayed a time delay corresponding
to a propagation velocity of about 10 7 cm/sec, and were of a
polarity which corresponded to a positive current flowing away
from the target, i.e., the signal polarity was opposite to
that reported by Stamper (Ref . 2) , the Monterey investigators
CRefs . 3-5) , and that measured in this experiment. An explana-
tion for this phenomenon has been given by Widner (Ref. 25)
.
Giovanelli and McCall also successfully performed Wright's
"gedanken" experiment (Ref. 14) of reversing the roles of the
temperature and density gradients (see (5)) and therefore,
reversing the magnetic field polarity by using two laser
pulses separated in time by eight nanoseconds. They also
observed an intense electrostatic discharge when the laser was
first incident upon their targets, but no signal corresponding
to the ETS.
In summary, then, experimental efforts relating to SGMFs
indicate the following: (1) the (VTe x Vne ) term in equation (5)
is responsible for the observed self-generated magnetic fields;
(2) the late time behavior of the self-generated fields is
closely coupled to the ambient background gas pressure and
degree of photoionization; C3) experimental observations at
the Naval Postgraduate School confirm the existence of the
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early signal investigated herein; and (4) all prior data have
o
been taken at a wavelength of 10600 A and at laser pulse lengths
of >20 nanoseconds FWHM.
Theoretical efforts to find and model the source mech-
anisms of these SGMFs have occurred at a number of laboratories
over the last two years. These include the theoretical efforts
of Stamper to more fully describe the generation of SGMFs (Ref
.
24) and the computer simulation efforts of Wright and Widner
at Sandia Laboratories (Refs . 13, 14), Zimmerman, Scharlman,
and Wood at Lawrence Livermore Laboratory (LLL) (Ref. 20),
and Clark and Book at the Naval Research Laboratory (Ref. 21)
.
In these efforts, the objective was to either modify pre-
existing one- or two-dimensional computer codes to include the
(VPe ) source term for the fields, or to write such a computer
code to simulate these SGMFs. Generally, the regime worked
in was that of the strong field limit, whereby the magnetic
fields generated react back upon the expanding plasma and
strongly influence its expansion characteristics. The results
predict that for multi-hundred joules laser pulses delivered
in tens of picoseconds, megagauss fields near the focal spot
should be produced (Refs. 13, 20, 21, 26). Late time behavior,
i.e., hydrodynamic expansion and subsequent laser plasma —
ambient plasma interactions have not been modeled in similar
detail, though Widner (Ref. 13) has developed a self-similar
scaling model for these fields.
In all such computer experiments, the fields generated
are azimuthal and created primarily in toroidal rings at the
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edge of the focal spot (see Figure 1) not in the center of
the laser focal spot. A supporting experimental result,
observed herein is that magnetic fields with magnitudes of
up to one-half the original field were measured when the hole
formed in a thin mylar target by a first laser pulse was fired
into by a second laser pulse . In other words , there is experi-
mental evidence which confirms the idea that the SGMFs are
produced primarily at the edges of the focal volume where
density and temperature gradients are nonparallel, rather
than in the center of the focal spot as originally proposed
by Stamper.
B. RELATED EFFORTS/SIMILAR PHENOMENA
A number of authors have reported studies on laser-gas
breakdown in which phenomena occurred which elucidate the
above discussed SGMFs. Korobkin and Serov (Ref. 1) measured
a spontaneous magnetic dipole moment in a laser spark in 1967.
Unfortunately, no further details are available than those
sketchily reported in a short letter. The magnitude of their
measured magnetic moment, 2-3 gauss x cm 3 may be interpreted
as arising from the gas breakdown in which the initial particle
densities a thousand to a million times less dense than those
characteristic of solid target laser plasmas. Field reversal
was observed by varying the portion of the focussing lens
through which the beam passed before initiating gas breakdown.
This was a puzzling effect which the authors attributed to
turbulence in the plasma and ray optic effects. Their experi-
ment is the first found in the literature in which magnetic
36

fields have been spontaneously generated by a laser incident
on either a gas or solid target.
Askar'yon, and others CRef. 27) used an inductive loop
and two separate laser pulses to detect currents induced in
the laser plasma by both laser pulses. They stated that a
nonpotential field, E , is generated by radiation pressure,
which produced closed current loop within the laser plasma.
They varied the signal polarity by changing the incidence
angle of the beam relative to the target normal, an effect
not observed in any of the experiments relating to SGMFs pro-
duced by laser irradiation of solid targets . By spacing two
separate laser pulses 240 ns apart, they observed an order of
magnitude increase in signal strength, which they attributed
to an increased preionized volume through which the B field
producing currents could flow. They also noted that by revers-
ing their Q-switching prism rotation direction, they reversed
the polarity of the second magnetic signal. This was attributed
to an incidence angle effect, and not further discussed. The
above experiments present data which indicate the presence of
closed current loops within the laser plasma and in the back-
ground gas are necessary conditions for the production of
self-generated magnetic fields.
C. LASER PLASMA ELECTRON EMISSION
The early time signal investigated in this work is attri-
buted to electron emission from the laser plasma into the back-
ground plasma, produced by photoionization of the ambient back-
ground gas. In addition to measuring the presence of such
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electrons, investigators have studied: CD the effects of
the background gas pressure on the total emission current
CRefs . 8, 9, 11}; C2) the anisotropic nature of this emission
(Ref. 10); (3) the influence of laser power density (Ref. 9);
C4} the degree to which space charge may be important in such
emission CRef . 11) ; C5) the role of absorbed gases in elec-
tron emission processes CRef. 9} ; and (6) the importance of
nonlinear and/or nonthermionic source and accelerating mech-
anisms in such emission CRef. 12) . Below, these experimental
results will be briefly reviewed and the portions applicable
to this experiment pointed out.
Arifov, and others CRef. 8) studied laser induced current
pulses from a gas target with microwave and magnetic probe
diagnostics; electron currents were measured using the experi-
mental chamber as the electron collector. Background gas pres-
sures of from 3.0 x 10
~
6 to 0.5 Torr, and a laser pulse of
1.5 joules in 60 ns FWHM, were used. A 10-20 gauss magnetic
field was externally applied parallel to the target normal.
They measured an electron current pulse arriving very much
earlier than the main plasma cloud, which they believed to
be space charge neutralized by a "foreplasma" created by the
initial U-V radiation pulse from the laser produced plasma.
This effect was observed with both microwave and magnetic
probe diagnostics. They observed an additional magnetic signal
with a magnetic probe from the foreplasma at pressures above
0.1 mTorr which preceded the main diamagnetic signal from the
plasma cloud. In the context of the exneriment reported herein,
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this result is interpreted as one of the first experimental
observations of the ETS. As a function of pressure, the peak.
in their measured electron current pulses of 100 amperes
occurred at 10.0 mTorr. Below 1.0 mTorr a power law dependence
of the current on the pressure, of the form i = kPa , where
0.5 < a < 0.7 for their range of experimental investigation,
was measured. They attributed the electrons to either therm-
ionic emission from the plasma or emission from the solid
target by interacting photons emitted by the plasma.
Isenor CRef. 9) performed a series of experiments in which
the background gas pressure of 2 , N 2 , and H 2 was varied and
the effects on electron emission from solid Zn and Ta targets
studied. The laser energy was 50 milli joules delivered in
50 ns FWHM. Background gas pressures of 10
~
6 to 10 -1+ Torr
were used. Two electron peaks were observed, one coincident
with the laser pulse, the second time delayed by the approxi-
mate transit time of the plasma from the target to the col-
lector. The prompt component of the emission was stopped by
the application of a 10 V negative bias on the collector, from
which the author inferred a maximum electron energy in the
prompt component of 10 e.V. Results also indicated that
absorbed gas pressure was found to be reasonably linear, i.e.,
i = kPa , where a = 1, over the range of pressures used (see
equation (17}); peak currents detected were of the order of
10 amperes
.
Basov and others (Ref. 28] interpret their data to indicate
an apparent charge separation caused by the emission of electrons
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by the plasma produced by their laser on solid targets . Using
electrostatic probes, they measured a null point between posi-
tively and negatively charged components of the plasma flare
,
evaluated its velocity as a function of the time from laser
pulse arrival onto their target, and its velocity dependence
on the laser power. A short statement was made that the de-
caying flare emits electrons that should give rise to a mag-
netic field whose magnitude is tens of oersteds (gauss).
However, no further explanation or discussion was presented.
Andreev and others CRef . 11) studied thermionic emission
from a plasma produced by a Q-switched laser (3.5 joules in
50 nanoseconds FWHM) on solid Al and Pb targets at background
pressures of from 10 -1 to 10 -lt mTorr of air. Most measure-
ments, however, were obtained at pressures of between 10~ 2
to 10
~
3 mTorr. Their measurements led them to the conclusions
that the electron emission is limited in their experiment by
space charge effects , and that a minimum in the potential is
formed in the target collector gap of several hundred volts.
Maximum currents were on the order of one ampere with an
accelerating potential of an unspecified magnitude placed on
the anode (collector) . Experimentally determined temperatures
were on the order of 10 e.V., and no dependence of the plasma
expansion velocity upon laser energy was observed.
Langer and others (Ref. 10) measured the anisotropy in
electron and ion emission from a laser-produced plasma by
using multiple electrostatic shielded detectors in various
symmetry planes about the target normal. A background pressure
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of 0.001 irfTorr was used with two lasers that produced 30 Mega-
watt pulses at wavelengths of 6943A and 10 600A respectively.
When the laser beam was incident normal to the target, emis-
sion was found to be cylindrically symmetric about the target
normal but to consist of multiple lobes. Laser beam polariza-
tion was shown to have no effect on the emission by a syste-
matic variation of this parameter. Astigamatism, however,
artifically introduced into the experimental arrangement by
orienting the focussing lens at 30° to the laser beam axis,
produced a significant skewing of the electron and ion angular
emission characteristics. A reasonably isotropic emission was
observed only for a carbon target, but no explanation was
offered for this result.
Three papers presented at the Monterey APS Division of
Plasma Physics meeting in November 19 72 support the idea that
electrons are emitted from laser plasmas in significant numbers
and energies ranging from a few e.V. to many KeV.
Godwin, and others (Ref. 29) imply the presence of a very
high energy stream of electrons from their X-ray polarization
measurements. These data were obtained from an experiment at
Los Alamos Scientific Laboratory (LASL) in which a polyethylene
target was hit with a 10-joule, 50 picosecond, Nd glass laser
pulse. The background gas pressure was 0.5 mTorr. The beam
was incident at an angle of 13° relative to the target normal,
and a hole was formed in the target during each shot. Shearer,
and others (Ref. 30} similarly imply a high energy non-Maxwellian
tail in the electron distribution function from their laser
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plasma experiments in which, anomalously high reflectivities
were measured. As in the LASL data, no direct measurement of
electron flux was made. Olsen, and others (Ref. 31) at Sandia
Laboratories, correlate neutron production and high reflec-
tivity, and imply a non^-Maxwellian tail in the electron dis-
tribution function in their laser plasma experiments
.
D. PRESSURE DEPENDENCE OF THE SGMF AND THE ETS
Previous investigators have experimentally measured, and
theoretically modeled the observed dependence of the SGMF
signals as a function of the gas pressure of the ambient back-
ground gas. Additionally, several investigators have observed
the dependence of the intensity of the electron emission from
laser plasmas as a function of the gas pressure , though no
theory of the pressure effects has to date been postulated.
Bird (Ref. 5), who continued McKee's (Ref. 4) work, has
proposed a model of the pressure dependence of the SGMF signals
which is related to the interaction of the expanding plasma by
the background gas. In his model, the background gas acts to
confine the expanding laser plasma, allowing the axial density
gradient responsible for the SGMF signal to increase in mag-
nitude in direct proportion to the cube root of the confining
background density, i.e., B(maxl * P 1 / 3 . A good correlation
between experimental and theoretical predictions was obtained
for pressures up to 250 roTorr, where the peak magnetic field
intensity began to decrease with pressure. This high pres-
sure decrease which began at 250 mTorr was explained as being
caused by the production of a reverse polarity magnetic field
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near the front of the expanding laser plasma. Such a field
is said to result from a strong momentum coupling to the back-
ground gas, i.e., the laser plasma "piles up" on the back-
ground gas , regenerates nonaligned gradients and in turn
generates a magnetic field of opposite polarity to that ori-
ginally produced. Such an effect has been theoretically pre-
dicted using a two-dimensional computer simulation of such
fields by Widner (Ref . 25 J
.
The pressure dependence of electron emission has been
previously investigated, though no theoretical explanation for
the observed pressure dependencies was offered, except for
that developed in the theory section herein.
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IV. EXPERIMENTAL ARRANGEMENT AND EQUIPMENT
The equipment used for this investigation consists of
four different laser systems, a fast photo diode to monitor
laser output energy and power, a vacuum system and the experi-
mental chamber, gas back fill manifold, magnetic probes, and
recording oscilloscopes. Figure 2 is a block diagram of the
arrangement with the magnetic probes shown schematically.
A. VACUUM CHAMBER
The vacuum chamber was constructed of stainless steel with
ports arranged as shown in Figure 3. The top was sealed by a
13" by 13" square piece of one-inch plexiglass constructed
with magnetic probe vacuum feed throughs to enable systematic
variation of the probes' locations from outside the evacuated
experimental volume. When miniature probes were constructed,
the feed throughs in the top port were eliminated. The side
ports were plexiglass and used for vacuum electrical feed
throughs for the probe signals. The front optical port was
a 5" diameter uncoated quartz flat. The metal foils used as
targets in this work were mounted on a rotating holder so that
multiple shots could be obtained without breaking vacuum. A
28-cm meniscus lens was used for focussing because of damage
sustained at the internal focus of the planoconvex lens used
initially.
The vacuum system and pressure gauging system consisted
of a 2" air-cooled diffusion pump, without cold trap, and
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mechanical roughing pump. The ultimate vacuum obtainable with
this arrangement was 5 x 10"* 6 Torr. A pressure of 0.5 mTorr
was obtained with a five-minute pump-down time. An adjustable
leak was used to accurately vary the fill gas pressure in the
regime of 5 x 10 ~ 6 - 10 +1 Torr.
B . LASERS
Several laser systems were used as energy sources during
the course of this experiment. Four pulse lengths: 4 ns,
6 ns, 16 ns , and 40-50 ns, were studied at a wavelength of
o
69 43A (ruby) , a pulse length of 30 ns was used at a wavelength
o
of 10600A (Nd doped glass) , and one pulse length of 80 ns was
used at a wavelength of 10. 6y (CO2) . Data and interpretation
of the information obtained using the CO2 and Nd lasers are
presented in Appendix D.
A Spacerays Time Varying Reflectivity (TVR) laser system
was used in obtaining most of the data presented here. It
was operated in 4, 6, and 16 ns pulse widths at a wavelength
o
of 6943A (see Appendix A for a discussion of TVR lasers).
The second laser system used in this experiment was a
Korad K-1500 Q-switched ruby system. The characteristics of
this system were a 40-50 ns FV7HM pulse length and an energy
output up to 5.0 joules. The data obtained with the K-1500
system illuminated the differences between the short pulse
data obtained with the Spacerays TVR laser system and those
which were obtained at the longer 40-50 ns pulse length.
The Korad K-150 system was also converted to operate in
the TVR mode at a pulse length of five nanoseconds FWHM. The
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laser power available from this system was from 0.1 - 1.1
gigawatts
.
All the data taken on the Spacerays TVR and K-150Q laser
systems were at laser beam incidence angles of 45° to the
target normal. The reason for this incidence angle was three-
fold. First, the original objective of this experiment was
to attempt to reproduce a series of laser-produced X-ray
experiments, and to correlate magnetic field signals with X-
ray data; these experiments had been performed at a 45°
incidence angle. Secondly, a non-normal incidence angle
allowed the collection of data along the target normal with-
out interference with the incident laser beam. Thirdly, laser
damage caused by laser energy reflected from the target which
retraces its optical path through the laser rods is minimized
by using non-normal incidence angles
.
C. DELAY LINES
Co-axial lines were calibrated for time delay and signal
attenuation and used to time-delay the incident laser pulse
and the magnetic probe signals for simultaneous recording on
one oscilloscope. The incident laser pulse, undelayed in
time, was used to trigger the oscilloscopes on which these
data were recorded. In this manner, a measure of the delay
time between the laser pulse and the arrival of the magnetic
probe signals is obtained whose accuracy is limited by the
digitalization of the data which were recorded on Polaroid.







Delay Line Measured Time Transmission Where
Number Delay (ns) ++ Factor C%) +++ Used
1 73.5 82
2 102.5 781+2 176.0 67 Probe signal
3 81.0 82
4 67.0 81 Laser signal delay
5 75.5
.
823+5 157.0 68 Probe signal delay
6 123.0 — Laser signal delay
+ Delay lines constructed of coil RG58U cable.
++ Error ± 2 ns
.
+++ ±3% measured at 5MHz.
The cables were not corrected for their frequency depen-
dence attenuation effects since the effect is negligible in
the range over which significant signal frequency components
were observed in the data (1-20 MHz)
.
These signals were recorded on Tektronix 519 and Hewlett
Packard 180 oscilloscopes having rise times of 0.3 ns and
2.0 ns , respectively.
D. SIGNAL DIAGNOSTICS
The diagnostic used to evaluate the presence, time history,
magnitude and other characteristics of the SGMFs and the ETS
was magnetic (inductive) probes. A fast photo diode was used
to monitor the laser output pulse shape and energy for the
ruby and Nd glass laser; a photon drag detector was used to
monitor pulse shape and energy on the CO2 laser.
47

Magnetic inductive loops have been used in the field of
plasma physics to observe time varying magnetic signals under
a large variety of experimental conditions, and their design
and construction have varied quite widely. Initial design
parameters, i.e., coil diameter, wire size and number of turns,
electrostatic shielding, coil insulation, shaft length, and
co-axial cable connection to the probe, were comparable to
those constructed by McLaughlin CRef. 32) and used by Davis,
McKee, and Bird. A typical probe of this design is shown sche-
matically in Figure 4. As the experiment progressed, the probes
were redesigned in order to be able to insert them at desired
angles and positions to check the cylindrical symmetry of the
fields, and to evaluate the perturbations caused by two or
three probes. Probes which were entirely enclosed within the
evacuated experimental chamber were constructed. Additionally,
as frequency response was a primary probe design parameter and
strongly dependent upon the wire size used to wind the coils,
i.e., smaller diameter wire increased the magnetic probe induct-
ance an undersirable effect which degrades probe frequency
response, numerous probe designs were tried before #28 enamel-
coated magnetic wire was found to yield satisfactory results.
Other probe design changes included the elimination of the
double electrostatic shield, and the direct soldering of the
probe coil to microdot or RG174 A/U cable. Figure 5 is a
schematic drawing of the new probe design, minor changes being
incorporated into each probe as it was constructed. Probe
calibration was performed in the manner of Phillips and Turner
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(Ref . 33) with carefully wound Helmholtz coils, whose radius
and turn separation were 0.94 inch, and is discussed in some
detail in Appendix B.
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V. DATA REDUCTION AND ANALYSES TECHNIQUES
The raw data in this experiment were polaroid oscilloscope
records of the magnetic probe signals . These signals
,
propor-
tional to dB/dt via Faraday's law, were digitized, the probe
response folded into the data, high frequency noise filtered
out, and the signals integrated on a computer to obtain the
magnetic field as a function of time.
The data obtained were not integrated directly with a
simple R-C integrator for a number of reasons. First, inte-
gration by its nature is a smoothing process , and tends to
eliminate the small effects of interest in this study, speci-
fically, the ETS as compared to the SGMF signal which is of
greater magnitude. Secondly, at high enough frequencies, a
passive integrator becomes nonlinear, and will distort high
frequency components of the signals. Thirdly, the signals'
strengths obtained were on the order of volts , and after pass-
ing through the severe attenuation present in a passive inte-
grator, which would correctly integrate the fast rising dB/dt
signals present in the experiment, signal-to-noise would have
presented serious problems. Active integrators, i.e., feed-
back amplifiers, were considered but available oscilloscope
plug-ins with this capability had a maximum band pass of
13 MHz, which was insufficient for these studies.
The polaroid traces were digitized by the photo reduction
branch of the computer software section at the AFWL, and
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placed on magnetic tape. Straight line segments were used to
represent the data, and typically between 60 and 130 points
were read off each polaroid picture. Most traces were taken
at 50 ns/division, with 10 divisions/picture. Therefore, an
upper frequency which could be used in the data analyses pro-
gram is given as ^—— where t is the sampling time interval.
At was typically 10 ns, so f was 50 MHz. The lower fre-
quencies limit which one can "see" is rrr
,
— where t' is the
total trace time sweep. This was typically 500 ns
,
giving
1 MHz as the lower frequency limit.
The signals were computer-processed and the following in-
formation was available as output: maximum and mimimum dB/dt
and B (t) values , a fourier series representation of the input
data, corresponding times for these maximum and minimum values,
a digital time history of B (t) and dB (t) /dt as functions of
time after laser pulse arrival, and computer-generated plots
of raw, and filtered, dB/dt and B (t) data.
Digital filtering of the data has been used to eliminate
the high frequency noise present in the data. This noise is
direct electromagnetic pick-up by the oscilloscope vertical
amplifiers of signals generated by the laser power supply which
was co-located in the experimental area. The digital filter-
ing technique used was adapted for computer use by Ormsby (Ref
.
34) in 1958. Appendix C presents the theory of this digital
filtering technique, and an error estimate applicable to the
specific filtering technique used in processing these data.
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VI. DATA PRESENTATION AND DISCUSSION
The experimental data presented next are discussed and
analyzed; estimates of pertinent plasma parameters are in-
cluded where appropriate. This section is divided into four
portions. The first is concerned with data from the Spacerays
laser system. The second section presents and evaluates the
data obtained on the K-1500 ruby laser system used in this
investigation! The third section presents the pulse length
dependence of the ETS and SGMFs . The fourth section is the
presentation and discussion of the pressure dependence experi-
ment performed with the Spacerays laser system, which provides
additional insight into the electron emission and SGMF phenomena,
A. SPACERAYS TVR LASER MAGNETIC FIELD DATA — 4 NS PULSE
LENGTH
The following objectives were sought in gathering the data
on the TVR laser system: (1) to map the ETS and SGMF in space
and evaluate their magnitude and duration; and (2) to quantify
the effects of laser pulse length and shape, and total energy
output on the ETS and SGMF signals.
1. Magnetic Character and Symmetry of dB/dt Signals
To assure that the ETS and SGMF signals were not elec-
trostatic pick-up, the magnetic probes were rotated between
successive laser shots. The reversal of the signal polarity
assured that the signals are magnetic, and not electrostatic
as reported by others CRef. 4}. Shown in Figure 6 are two
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data, redrawn for clarity, of dB/dt data taken with the probe
oriented to detect the azimuthal component of B at 0° and then
with the probe at 180°. The signal reversed, confirming the
magnetic character of both the ETS and SGMF.
Another experiment was carried out to confirm the azi-
muthal magnetic symmetry of the magnetic fields produced in
this experiment for the 4 ns FWHM pulse length. The magnetic
probes were positioned at identical Cr,z) positions, and then
the 'r' coordinate was inverted, i.e., the probe was reposi-
tioned at (-r,z) , and the magnetic probes signals were recorded.
The results are shown in Figure 7, parallel those of previous
investigators (Refs. 4, 5), and indicate that the fields are
azimuthally symmetric.
These experiments verified that the ETS and SGMF sig-
nal were azimuthally symmetric about the target normal, and
magnetic in nature
.
2 . Pre-lase Contribution to Magnetic Derivative (dB/dt)
Signals
Pre-lase has been observed to contribute significantly
to the measured dB/dt signals on the Spacerays laser system.
The presence of these pre-lase effects is easily detected by
subtracting the time delay introduced by the delay cables,
and then noting that the magnetic field signals appear to begin
before the Q-switched portion of the laser pulse is incident
upon the target surface. Figures 8, 9, and 10 display the
phenomenon for three different laser pulse shapes; the two
laser pulses shown in Figures 9 and 10 were intensionally
modified to display and evaluate the importance of the effect.
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Note that the rise time of the laser pulse shape, f (t) , and
the dB/dt signal , can Be put into a one-to-one correspondence
on all three traces shown, in agreement with Stamper's early
phenomenological model of the source term for the SGMFs, which
related the dB/dt signals to the laser's temporal pulse shape,
f Ctl . The explanation of this effect is that during the time
in which the internal cavity photon density at the lasing
wavelength is increasing, photon leakage from the laser oscilla-
tor cavity was sufficient to generate its own temperature and
density gradients and, therefore, its own "spontaneous" mag-
netic field, before the main laser pulse arrived on target.
The significance of the effect is that the magnetic
field rise time is lengthened in proportion to the amount of
pre-lase which occurs. In the limiting case of no giant or
Q-switched pulsed (Figure 10) , the TVR laser operates as does
a "conventional" Q-switched system, i.e., all the photons
which reach and strike the target having "leaked" out the
cavity's partially transmitting front mirror, in a pulse
typically on the order of 30 ns FWHM. As the proportion of
the energy in the giant TVR laser pulse increases, relative
to that in the "foot" or pre-lase portion, the field rise
time decreases and its absolute magnitude increases. In other
words, the shape of the laser pulse incident upon a target
directly affects the magnetic field rise time and intensity.
Widner fRef. 13] has proposed the use of a "foot" on laser
pulses to decrease the maximum self-generated magnetic field
intensities, for situations where s-uch fields and their effects
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are undesirable, as in laser fusion pellet experiments. His
theoretical proposal is based upon the observation that such
a "foot", operating as did the pre-lase in this experiment,
generates a density gradient. Then, the magnitude of the SGMF
signal, which is functionally dependent upon the product of
the temperature and normalized density gradients as





where Ln and LT are the density and temperature scale lengths
respectively, would be decreased when the main Q-switched pulse
arrived on target because the pre-lase effectively increases
L . The effects of pre-lase are also important in situations
where thin foils or pellets are to be used as targets. Malozzi,
for example, observed that his thin foil targets were completely
vaporized by pre-lase before the Q-switched pulse ever arrived
at the target (Ref . 35) . In summary, the effect of pre-lase
was observed to directly influence the rise time and magnitude
of the SGMF signals obtained with Q-switched lasers.
3. SGMF and ETS Spatial Mapping — Spacerays TVR Laser
The radial and axial location of the magnetic probes
used in this work, relative to the focal spot of the laser
beam, were systematically varied to map the spatial and tem-
poral characteristics of the SGMF and ETS. The target normal
and the incident laser beam formed the plane in which these
magnetic probes were placed in gathering these data. For
this reason, when Cr,z) positions are referred to, the "r"
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coordinate, though strictly defined as the square root of the
sum of the squares of the x and y coordinates , is very nearly
the value of the x coordinate, figure 11 is a schematic of
the coordinate system with respect to which probe positions
are referred. The scan data were obtained with the laser
operated in the 4 ns FWHM mode. A 28-cm meniscus lens was
used to focus the' 3/4" laser beam to a focal spot diameter of
approximately 150 microns, at a 45° angle of incidence (rela-
tive to the target normal) , onto a 20-mil copper target.
Figure 12 is a schematic of the (x,z) plane as seen from
above showing the locations of the axial and radial scan lines
and the extent of the mapping.
4 . Axial and Radial Scan Data Presentation
The SGMF and ETS derivative data obtained in this
mapping were integrated to produce magnetic field intensity.
Figures 13 through 15 are these maximum ETS and SGMF inten-
sities plotted as functions of spatial locations (axial and
radial) for the laser parameters and pressures indicated. A
single pressure of 50 mTorr was selected because it was suffi-
ciently high to produce easily detectable SGMF signals. Radial
scan information is presented at 2 , 6 , 10 and 15 mm from the
plane of the target surface in Figures 13 and 14, the target
normal being taken as origin (Figure 12) . Axial scan data have
been obtained and are presented at distances of 1.5, 4, 9, and
22 mm from the target normal, in Figures 15 and 16, where the
target surface is now taken as the origin for each scan. The
closest axial scan for which ETS data are available is 4 mm
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(Figure 15) because for "r" values less than 4 mm, no dis-
cernible ETS was present.
The ETS and SGMF data are both plotted on Figures 17
(radial scan) and 18 (axial scan) to display the spatial rates
of decay of the two signals. Figure 19 shows the extrapola-
tion of the measured maximum magnetic field intensity back to
the focal spot, fo'r the two scans "r" = 1.5 mm, and "z" = 2. mm.
5 . Axial and Radial Scan Data; General Characteristics
An important observation which is characteristic of
all the dB/dt data must first be presented before the scan
results can be correctly interpreted. This observation is
that to within the ±4 ns timing accuracy of the arrival of
the laser pulse on target, relative to the beginning of the
dB/dt signal, the ETS occurs simultaneously at all probe loca-
tions, and that its time extent of ^12-15 ns varied less than
30%. Secondly, though it reached its maximum value signifi-
cantly later in time, the SGMF data obtained with the Space-
rays laser began within 10 ns of the time that the peak of
the laser pulse arrived on the target. There also was no
time delay in the arrival of the SGMF as the probe was moved
further from the laser focal spot. In other words, there is
no increase in the magnetic field rise time for either the
ETS or SGMF, as the probe was moved out from the laser focal
spot, either radially or axially, simply a decrease in the
value of the peak intensity of the magnetic fields. One
exception needs to be noted here, that being a somewhat longer
time duration SGMF signal which was measured near the target
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normal ("r" = 1.5 ram scan) . However, even in this case no
increase in the field half width occurs as the distance from
the laser focal spot is increased.
6. Estimation of Laser Plasma Parameters
To adequately interpret the magnetic field data pre-
sented in Figures 13 through 19 , estimates of the basic param-
eters characterizing the laser plasma produced in this experiment
are necessary. These include the plasma temperature and expan-
sion velocity, its electron density, the electron current
responsible for the ETS , the Debye length, the magnetic field
diffusion time, and the magnetic Reynold's number in the laser
plasma. These parameters can now be estimated using a theo-
retical model of the production and expansion of laser pro-
duced plasmas, and data from previous investigations of similar
laser-produced plasmas.
An estimate of the temperature of the plasma which
has been generated with the Spacerays laser requires a know-
ledge of the number of atoms in the laser plasma. The mass
vaporized from a metal target by a 1.0 joule, 4 ns Spacerays
laser pulse has been measured to be 50.0 micrograms (Ref. 36).
Then, if a 1% degree of ionization (Ref. 4) and a 1% conver-
sion of the laser energy to electron temperature (Ref. 37) is
assumed, 4.7 x 10 25 atoms share 10 millijoules of energy, and
a temperature of 12.5 e.V. is obtained for the plasma. This
temperature is comparable to that estimated by McKee (Ref. 4)
,
where he then further assumed an average charge state of 2.3.
Using this average 3, the plasma electron number is given by
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a x Nionized = 2.3 x 4.72 x 10 15 = 1.0 8 x 10 1 6 electrons.
Using a plasma radius of 4.75 x 10"2 cm (see next page) results
in an electron density of 1.2 x 10 19 e/cm 3 .
The plasma expansion velocity has been determined by
many investigators of laser plasmas to be on the order of 10 7
cm/sec at early times in the expansion process CRef . 7) . In
a background gas density of 50 mTorr (1.8 x 10 15 atoms /cm 3 ) ,
for time scales of hundreds of nanoseconds, the expanding plasma
has been observed to decelerate to velocities of the order of
10 6 cm/sec CRef . 39) . However, since the processes under
investigation for the ETS occur very early in the laser plasma
formation process, the larger figure of 10 7 cm/sec will be
used to characterize the plasma.
To estimate the current responsible for the ETS, a
relationship between current and magnetic field intensity is
required. Here, the relationship used is that for a long
straight wire — the current is assumed to flow from the
focal spot outwards in a cyclinder, parallel to the target
normal. In this approximation, the return current path is
assumed to be at infinity, while in reality it is known to
occur in the background gas which has been photoionized by
the U-V radiation from the laser plasma. Inherent, then, in
this calculation is the assumption that the probe is inside
the return current sheath, otherwise the signal is partially
shielded from the probe. The formula relating current and




B - SIg/cr (21)
The current then, which generates a 10 gauss magnetic field
at a distance of 1.0 cm from the target normal (symmetry axis)
is given as I_ = Bcr/2 50 amperes . To evaluate the ability
of a thermionic source to generate this current, an expression
for the electron emitting area of the plasma is necessary (see
equation (10a)) , as is an estimation of the space charge potential
limiting the electron current drawn from the plasma. The plasma
radius used to estimate the current which can be drawn from
such a source is that obtained at the end of the 4 ns laser pulse
using the initial 75 micron focal spot radius (Ref. 38) and
the final plasma radius of 4 x 10 2 microns, obtained assuming
r = vt, where v = 10 7 cm/sec, and t = laser pulse length of 4 ns
.
The resulting value of R is 4.75 x 10 -2 cm. To evaluate the
maximum current from a non-space charge limited thermionic source,
Equation 9 is used. Inserting numerical values of T = 12.5 e.V.,
R = 4.75 x 10" 2 cm, and n = 1.2 x 10 19 e/cm 3 yields i = 6.4 x
10 5 amperes. The observed fields, then, can be readily produced
by a thermionic source.
If we return to Equation (10a), the retarding potential,
U
s ,
can be evaluated. Inserting i g = 50 amperes, and i = 6.4 x
10 5 amperes, U„ is calculated as 118 volts, a value in agreement
with those calculated by Andrev, et al , in their study of




The Debye length in this laser plasma is a function of
temperature and density and given as Qtef. 15)
AD
- 6.9 x 10~2 T1 /2 n
e
-1 /2 C22)
for T in °K and n in number/cm3 . For the plasma herein pro-
o
duced, the Debye length is 7.28 x 10
~
7 cm, or 73 A. The mag-
netic field diffusion time was defined and an expression




The value of the scale length, L, applicable here is
evaluated by noting that the temperature and density gradients
responsible for the SGMF signals occur at the outer edge of
the plasma over a distance less than or equal to the total
plasma thickness; the value of this plasma thickness used is the
thickness of the plasma and equal to 4.75 x 10" k m. The con-
ductivity used is from Spitzer (Ref . 15) , assuming an average
charge state 2 of 2.3 (Ref. 4) as
T 3/ 2 yv
a = 2.62 x 10 -l+
» In A
C23)
= 3.5 x 10 2 mho/cm
Inserting this value into Equation C77 yields a diffusion time
of 10~ 8 sec, comparable to the full vidth of the laser pulse.
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In other words, in this experiment conditions were
such that the diffusion time is so short that the self-generated
magnetic fields began to dissipate appreciably in magnitude
before the laser shuts off. This conclusion is born out in
a computer simulation of the generation, propagation, and
decay of SGMFs made by VTidner GRef . 39} . In this work, the
general conclusion drawn is that for T 100 e.V., magnetic
diffusion is significant, and for T £ 10 e.V., it is certainly
very dominant.
To evaluate the magnetic Reynold's number, as defined







values of plasma expansion velocity, conductivity, and scale
length are inserted to yield R^ = 1.1. This value of R_ des-
cribes the situation in which the diffusion and convection
terms in Equation (5) are of the same order of magnitude, and
so of approximately equal importance . Note that the values
used in evaluating R were those applicable at the time the3 m - r
laser pulse is over. After this time, the conductivity a, and
plasma expansion velocity V decrease, while L increases; the
parameters of a and V decrease more rapidly than L increases,
so R .grows smaller with time, and magnetic field diffusion
increases in importance.
7. Interpretation of Radial and Axial Scan Data
The simultaneous occurrence of the SGMF signal in the
magnetic probe network at all probe locations , indicates that
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the field transport is not convectively dominated (see Equa-
tion (5) , Theory Section} , for if it were, a time lag corres-
ponding to the transit time of the laser plasma from the target
to the probe location should be observed. No such delay was
observed in this experimental investigation. The similar simul-
taneous appearance of the ETS signal poses a different problem,
which is explained as follows. The ETS electron emission
occurs in a forward peaked cyclinder or cone, with a return
current path which closes through the background gas. The
propagation velocity of the emitted electrons will be of the
order of 10 8 cm/sec or greater, beyond the experimental resolu-
tion of this experiment. The electrons arrive at the probe
location in several nanoseconds, whereupon they induce a poten-
tial in the probe, since they constitute a time varying current.
Figure 13 is the ETS radial scan data, at axial z
values of 6, 10, and 15 mm. No ETS data along the z = 2 mm
scan are plotted, since only at a position r = 26 mm could the
ETS be clearly discerned from the SGMF signal. The maximum
magnetic field intensity for the three scans presented occurs
at larger and larger radial coordinate values , as one moves
the probe to larger and larger axial coordinate values . This
indicates that the source of the early field is not a collimated
electron beam, but one which diverges in moving further from
the target. At larger axial locations, weaker fields are
observed, indicating that the field dissipates with distance,
or that the probe has moved outside the current loop. Estimat-
ing a conical beam half angle from the location of the peak
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magnetic field intensity for the 6 mm scan yields = 45° , at
10 mm, & = 37°; at 15 mm, the location of the maximum field
is not clearly defined, and a 5 - 6 fold decrease in the maxi-
mum field intensity is evident.
Figure 14 is the axial scan ETS data at positions of
r => 4, 9, and 22 mm. Here no ETS data are evident inside a
radius of 2 mm from the target normal, though SGMFs of up to
25 gauss were measured along the r = 1.5 mm scan line at z
values of up to 20 mm. The most noticeable feature on this
figure is the movement of the peak in the ETS intensity toward
larger axial locations, as the "r" scan location moves further
from the target normal. For a collimated electron beam, the
radius at which the maximum ETS intensity occurs would be
independent of the axial location, since the location of this
maximum corresponds to the radius inside which all the electron
current would flow. Experimentally, this position increases with
increasing values of z. This is explicable if the electron
stream is conical since for a conical beam the position of
maximum intensity should increase with z, i.e.,
1. cylindrical beam: r(B ) = constant* max
2. conical beam: r (B ) <x 2max
The conical emission may be a result of the complex multiple
lobed structure observed by Langer CRef . 10) , or to a space
charge repulsion within the emitted electron beam itself. A
third possible explanation is that the return current which
flows within the ambient background plasma screens the magnetic
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probes from an increasingly larger portion of the electron
current as they are moved further from the target.
The radial SGMF data are plotted for z values of 2,
6, 10, and 15 mm in Figure 15. Superimposed thereon are two
spatial scaling laws which have been previously observed in
SGMF studies CRefs. 2 , 4 , 6} : B « R"1 and B « R-3. one
should note that these scaling laws are only directly applic-
able to the 8 = 2 mm scan, since only it can be properly extra-
polated back to the focal spot, all other scans being referenced
to the target normal as the r = location. This fact is
responsible for the turnover and fall off in the measured
intensities as the radial coordinate is decreased, since by
symmetry the fields must vanish along the target normal. Note
also on this plot that the curves for the various axial loca-
tions gentle in slope from near -3 at z = 2 mm toward -1 at
z = 15 mm.
Figure 16 displays the SGMF data at values of r = 1.5,
4, 9, and 22 mm. Again, a spatial scaling law previously
observed (Refs. 2, 4, 6) is overplotted on this figure. The
data at r = 1.5 and 4 mm are fit reasonably well by this spatial
dependence, but as one moves outward to the r = 9, and 22 mm
scans, a flattening or localized bump is observed.
On Figure 17, the ETS and SGMF data from the r = 9 mm
scan are plotted; on Figure 18, the ETS and SGMF data from the
z a 6. and 10. mm scans are plotted. Note that the e-folding
length or spatial rate of decay of the two fields is very
similar indicating that the collisional decay of the currents
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responsible for the magnetic fields are the same for both field
components, and is evident on these figures as similar slopes.
This implies that the observed SGMF data are diffusion dominated,
which in turn explains why all the dB/dt data possess a similar
shape, and fail to display the time delay corresponding to
plasma transit time previously observed in studies of SGMFs
CRefs. 4, 5, 6) .
The conclusion drawn from: CD the similarity in slope
or decay rate, and C2) the constant rise time of both signals
at all probe locations , is that diffusive field transport is
dominant for SGMF produced with the Spacerays laser. Support-
ing this conclusion are the two computer studies of the SGMF
performed at Sandia Laboratories by Wright and Widner (Refs.
13, 39). Their results indicate that for temperatures less
than 100 e.V., magnetic diffusion is the dominant mechanisms
of field transport. Recall that in this experiment, the
plasma temperature is estimated at 12.5 e.V. significantly
below the temperature where convection is predicted to dominate.
8. Extrapolated Focal Spot Magnetic Fields
Figure 19 displays the results of extrapolating the
peak SGMF data from the z = 2 mm radial scan, and the r = 1.5
axial scan back to the focal spot. As can be seen on the graphs,
values of approximately 10 3 gauss are obtained for both scans,
significantly less than predictions made by the various groups
who have modelled the SGMF mechanism using a computer (Refs.
13, 20, 21, 26). Widner has derived a formula applicable for
laser intensities above 10 12 watts/cm 2 which relates laser
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intensity, beam diameter and target parameters to the maximum
SGMF which, can be produced neglecting magnetic field diffusion
and convection. His expression is given by




.'-«**«-* ' » -'- > ~^-( *f£'
When the applicable parameters for this experiment are inserted,
a value of Bmax = 13.1 x 10 6 gauss is obtained, orders of
magnitude beyond what has been experimentally measured. A
second estimate of the maximum focal spot magnetic field is
obtainable directly from the source term in equation (5) . First,
neglect diffusion and convection, and approximate the left-hand
side of equation (5) as
!!*— C25)
Approximate the right-hand side of equation (5) as
kTk_ VT x vn * —BSS (26)
ne e * el^fy.






Tor the Spacerays laser, this results in ^max = 1-68 x
10 5 gauss. The large disparity between measured and calculated
fields is explained by noting that in the above estimations,
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convection and diffusive field losses have been ignored, and
an ideal, pre-lase free, laser pulse was assumed. As seen
in Equation 27, B decreases with the increase in the scale
max
length of the density gradient L which occurs when pre-lase
preconditions the target. Secondly, both convection and
diffusion remove magnetic fields from the focal spot during
the laser pulse, effectively increasing the values of L™ and
Ln , and decreasing B accordingly. Thirdly, the probe
used to detect these fields is located at large distances from
the regions in which SGMFs are generated. As they are moved
in closer to the focal spot to measure such fields , they seri-
ously perturb the laser plasma.
The conclusion drawn from the disparity in magnitudes
between the magnetic fields which have been extrapolated to
exist at the focal spot (Figure 19), and those calculated to
exist at the focal spot with a computer assuming a nonparallel
temperature and density gradient source term, is that such
extrapolation is not in general valid. In other words, the
magnetic probe signals and magnetic fields inferred from them
are not necessarily representative of those which may be
generated at very early times in the formation process of the
laser plasma.
B. K1500 RUBY LASER SYSTEM — DATA PRESENTATION AND
INTERPRETATION
The second laser system similar to that used in prior in-
vestigations of SGMFs is a K1500 Korad laser. With this sys-
tem, 5 joules were delivered on target in a pulse length which
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ovaried from 40 to 50 ns FWHM at a wavelength of 694 3A. To
evaluate the spatial SGMF decay rate using this laser pulse,
which was an order of magnitude longer than that of the Space-
rays laser, a scan was performed at a radial distance of 5 mm
for axial coordinate values of 4 to 15 mm. The horizontal
plane, as with the Spacerays data, was that in which the
probes were located and the laser radiation polarized. Table
II summarizes the results of that study.
TABLE II
K1500 RUBY LASER MAGNETIC FIELD AND
PLASMA EXPANSION VELOCITY DATA
CMeasured at r = 5 . mm, z = 4. - 15. mm)
R z fcd V B (max)SGMF
B (max)
ETS
(mm) Cns) Cx 10 6 cm/sec) (gauss) (gauss)
6.6 4 90 7.3 35 9.
8.7 8 170 5.1 43 6.5
11.3 11 200 5.7 25 1.9
15.9 15 370 4.3 14 0.4
VR = Z 2 + r^
Figure 20 compares the spatial rates of decay of the Korad
K1500 data with that from the Spacerays laser system. The
significant difference evident when the data obtained on the
K1500 ruby laser system are compared to those obtained on the
Spacerays laser is displayed as a delay in the time at which
the maximum SGMF occurred, as the magnetic probe is moved
outwards along the scan line at r = 5 mm. The column
entitled t d in Table II is this measured time delay, from
69

when the laser pulse arrived on target to the time of the
peak magnetic field from which the data in the velocity column
in Table II were obtained. The presence of a propagation velo-
city for the magnetic field implies that R > 1., i.e., that
convection is significant for the K150 laser generated SGMFs
when compared with those produced by the Spacerays laser, where
The ETS time duration for the longer laser pulse is on
the order of 50-80 ns , or 1-1.6 times the laser pulse width —
the corresponding values on the Spacerays laser are 1-4 depend-
ing upon background gas pressure, but still related to the
laser pulse length. Secondly, as occurred on the Spacerays
laser, the ETS half width remained constant as the probe was
moved further from the target. Thirdly, the peak ETS magnetic
field intensity was characterized by an e-folding length dif-
ferent than that of the Spacerays ETS. The explanation is
that for the K1500 laser system, the electron emission pro-
cess into the background gas occurs during the longer laser
pulse length. When the laser pulse is over, collisional dis-
sipative effects predominate and the electron current respons-
ible for the ETS rapidly decay away. The effect of this decay
is the direct correlation between the laser pulse length and
ETS time duration.
The explanation for the SGMF peak field intensity
occurring at a larger axial distance for the Korad laser is
related to the fact that R^ > 1 for the experiments performed
with the Korad laser system. In this case, the field was
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partially frozen into the plasma, traveled with it as it ex-
panded preferentially out along the target normal and, there-
fore, remained more intense at larger distances. In other
words, the SGMFs generated with the Spacerays laser dissipated
by diffusive processes from their inception at a rate propor-
tional to R"~ , where a £ 3 Cgeometric volume expansion) as
shown on Figures 12-17. On the Korad K1500 laser, the field
was convectively carried along the target normal before dif-
fusive (collisional) and geometric dissipation effects pre-
dominated. The result was that maximum SGMF intensity occurred
further axially from the target for the Korad laser than for
the Spacerays laser data. Secondly, because the laser pulse
which generated and maintained the gradients responsible for
the SGMFs was temporally longer on the K1500 laser, the plasma
expanded and occupied a larger volume at the time the laser
pulse was over, and the effects of geometric dissipation were
correspondingly less in the case of the K1500 laser system.
C. PULSE LENGTH DEPENDENCE OF SGMF AND ETS — ALL LASER SUMMARY
Pulse shape has previously been shown to be important in
determining the characteristics of the SGMF signals, in the
discussion of the effect of pre-lase on the magnetic signals
measured using the Spacerays laser. Pulse length, and laser
pulse rise time is also significant in determining the charac-
teristics of the SGMF and ETS from laser-produced plasmas,
as shown in Figure 21. The corresponding laser pulses are
displayed in Figure 22. Two distinct data groupings are
evident: those from the Spacerays laser, for three pulse
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lengths, and those from the other laser systems, with their
differing pulse lengths, shapes, and wavelengths. The one
characteristic of the Spacerays data, which differs from that
on the other systems, is the four-nanosecond laser pulse rise
time. This faster rise time results in a faster rate of depo-
sition of energy into the target, a corresponding decrease in
the time at which the maximum temperature in the laser plasma
is reached, since the temporal dependence of the temperature
is similar to and dependent upon the laser pulse length, and
a faster cooling rate in the expanding laser plasma.
The effect on the SGMFs is that for two laser pulses, dif-
fering only in pulse length, the longer produces a stronger
longer-lasting SGMF, as the temperature gradient responsible
for these SGMFs is longer-lasting and generates magnetic field
for a correspondingly longer period of time.
D. PRESSURE DEPENDENCE OF THE ETS AND SGMF
1. Experimental Data
The dependence of the peak ETS and SGMF intensities
at a position (1.5,6,6) mm has been measured over the pressure
range 5 x 10~ 6 - 10+1 Torr of air. These results are displayed
in Figures 23 and 24. Overplotted on Figure 23 is the measured
dependency of the electron emission current from a laser plasma
as measured by Arifov (Ref. 81. Over the pressure range 10" 5 -
10
~
3 Torr, Isenor CRef. 91 measured a linear dependence upon
gas pressure, i.e., i <* AP+a ; Arifov measured a Pa dependence
of the emission current on pressure, 0.5 < a < 0.7, with
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pressures of 10"* 6 to 10~ 2 Torr. At higher pressures, Arifov
measured a steep drop of the emission current. Overplotted
on Figure 24 is the measured dependence upon pressure of the
peak SGMF intensity, as measured by McKee and Bird (Refs. 4, 5)
.
2. Discussion and Interpretation
a, SGMF
On Figure 24, good agreement is obtained with the
data of McKee and Bird relating the ambient background gas
pressure at a given probe position to the peak measured SGMF
intensity.
The explanation of this dependence , as given by
Bird CRef . 5) , is that the increased background pressure
inertially confines the expanding laser plasma, and increases
v 3ne
the normalized axial density gradient, , in propor-
1tion to the (1/3) power of the pressure. Then, as B « — V gne ,
the dependence of the magnetic field is
B -
7 3ne oc pi/3 (28)
ne
This dependence was shown by Bird to agree well up to about
0.25 Torr, where a fall-off in intensity of Braax is observed.
The high pressure fall-off is attributed to the re-thermaliza-
tion of the expansion energy of the laser plasma, and the
generation of reverse field at the front of the laser plasma.
The algebraic cancellation of the two fields then account for




theoretical work on this SGMF pressure dependence has been
attempted, but the experimental results in Figure 24 are in
full agreement with Bird's thesis.
b. ETS
The pressure dependence of the ETS, as plotted in
Figure 23, is seen to be quite different from that measured
for the SGMF signal, which is displayed in Figure 24. The
most striking difference is the difference in pressures at
which the two signals reach their maximum values, at 1 - 2 x
10~ 3 Torr for the ETS, and 80 x 10 -2 Torr for the SGMF signal.
The differences, however, are not unexpected, when the data
are considered in light of the theory developed earlier in
this work, since the ETS pressure dependence is the result of
different processes than those responsible for the increase in
SGMF peak intensity.
A curve fit to the low pressure dependence data of
the form B = a P e (see equation (16)) over the pressure range
of 5 x 10~ 5 to 10~ 3 Torr yields for a and e, a = 8.1 x 10 2 , and
B =0.71 when P is in Torr, and B in gauss. An estimate of T2
is obtained by solving equation (16) for T 2 . If the plasma
temperature, T 2 , is taken to be 12.5 e.V., a background plasma
temperature of 6.5 e.V., is evaluated, in reasonable agreement
with values obtained in a similar experiment and measured by
other means CRef. 401.
Next, we apply this value of beta, 0.71, to the
high pressure data, i.e., to the pressure-dependent data above
10~ 3 Torr, using a functional form, B = a» P&"*1 = a' P~ a - 29 .
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By curve fitting this experimental data at the end points
,
i.e., at 5 Torr and 10" 3 Torr, a value of a' = 0.81 is obtained
with the same units for B and P as given above. These calcu-
lated dependencies are replotted along with the experimental
data in Figure 25.
This agreement between experiment and theory
strengthens the arguments made earlier that thermal electron
emission modified by space charge effects are responsible for
the ETS and its corresponding pressure dependence.
3. ETS Pressure Dependence — Calculation of Space Charge
Potential
Using the just calculated values of the background
plasma temperature and equation CH) / a value of the expected
space charge potential at the peak of the ETS pressure depend-
ence curve can be obtained, and compared with that obtained
from the measured peak magnetic field. Values of electron
density are chosen as 1.2 x 10 19 for ni, 3.54 x 10 13 for n2
(corresponding to a pressure of 10" 3 Torr) , Tj = 12.5 e.V.
and T 2 = 6.5 e.V. Inserting these values, a value of 131
volts is obtained for the space charge potential, which agrees
within 10% with that value obtained from the experimentally




The error bars shown on the data were obtained by estimat-
ing the individual error components involved in this experi-
ment, as listed in Table III, and assuming a worst case, i.e.,
all errors cummulatively adding.
Error estimates for the other experimental parameters are:
(1) the chamber pressure is estimated to be accurate to
within the rated accuracy of the thermocouple gaug-
ing system used in the experiment ±20%, while pres-
sures lower than 1 raTorr are believed to lie within
confidence limits of 5%, the ionization gauge accuracy,
(2) the probe locations presented have an estimated un-
certainty of 1 mm; this estimate was obtained by
measuring a probe location multiple times and averag-
ing the results,
C3) the laser output energy is known to within 15%, the
instrumental accuracy of the calorimeter used for
calibration,
(4) timing of the arrival of the laser pulse relative to
the beginning of the magnetic signal is estimated at
4 ns.
The above is an appraisal of the errors involved in this
experiment; most are instrumental in nature and relatively





ERROR SOURCES AND THEIR ESTIMATED MAGNITUDES
Error Source Absolute Error % Error Comments
1. Oscilloscope — 3. Value from USAF
nonlinearity calibration.
2. Digitization 1/5 division 2.5 Finite width of






4. Numerical 5. - 10. Estimated from
filtering — averaged fourier
computer inte- series using ana-
gration lytic functions -
may include some
of Item 2 above
.
5. Probe calibra- 2/5 division 5. Finite scope
tion in 8 width for two
signals
.
6. Delay cable 1/5 division 2. Finite scope




In the previous sections, the results of the experimental
investigation of electron emission and self-generated magnetic
fields in laser-produced plasmas have been presented, analyzed,
and discussed. Characteristics of both phenomena have been in-
vestigated, and their significance discussed. Here, conclusions
concerning the ETS are collated. Secondly, the characteristics
of the SGMFs which have been investigated are summarized.
A. ELECTRON EMISSION — ETS
The ETS investigated in this thesis has been shown to be
magnetic in character, and has been attributed to energetic
electrons emitted by the laser plasma into the ambient back-
ground plasma during the time period in which the laser pulse
is incident upon the metallic foil targets.
Its spatial characteristics have been shown to indicate
that the electron emission process is anisotropic, the emitted
"beam" being conical in cross section with a cone half-angle
of ^ 40°. It is estimated that the electrons travel with a
velocity of about 10 8 cm/sec, a value comparable with the
thermal velocity of the laser plasma electrons. The near
instantaneous arrival of these electron currents at the probe
location is explicable since the currents responsible for the
ETS flow through all the background gas, so no propagation is
necessary for the ETS to be detected on the magnetic probes.
Note that such propagation is required for the SGMF signal,
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which is initially confined to the interior of the laser-
produced plasma. The electrons responsible for the ETS close
their current loops within the photoionized background plasma.
The number of emitted electrons is limited by a space charge
potential which is built up while between the laser plasma
and the background plasma. Immediately after the laser pulse
is over, the currents responsible for the ETS are rapidly
collisionally damped, resulting in the measured correlation
between the time duration of the ETS and that of the incident
laser pulse.
From a relatively unsophisticated theoretical treatment of
such electron emission processes, it has been shown that 6.4 x
10 5 amperes could be drawn without space charge effects being
included. The presence of such a space charge potential has
been interpreted to reduce the emission to that inferred from
experimental data of 50 amperes. Using equation (10a), and
these numerical values, an estimate of this space charge poten-
tial of 118 volts has been obtained, comparable to previous
investigators results for times late in the laser plasma expan-
sion process (Ref . 11) . A theory of the pressure dependence
of the ETS has been formulated, and used to obtain an estimate
of the space charge potential expected theoretically under the
experimental conditions. The calculated value of 131 volts
compares well to the above experimentally inferred voltage.
The results display nearly the same dependence on pressure as
those obtained by Arifov "using electrostatic charge collectors,
but do differ in the pressure at which the maximum electron
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current flows. This disagreement is attributed to a number of
effects, including probe shielding by return currents, in-
accuracies in pressure sensing equipment, differing electron
emission energies and space charge potential effects.
The ETS half width, or temporal duration has been observed
to be directly dependent upon the laser pulse length, and a
function of the laser pulse rise time, increasing with an
increase in pulse length, though not always in a linear manner.
This conclusion has been drawn from the Spacerays data, when
compared with that from the Korad laser data. A further
example of this can be seen in Appendix D, wherein the data
from the CO2 and Nd glass lasers are presented, and this pulse
length/rise time — ETS time duration correlation is readily
observable.
B . SGMFs
The effects of the variation of the laser parameters of
pulse length, rise time, and shape, and those of background
gas pressure on the magnetic field intensity have been observed
in this work. Different laser pulse shapes have been generated
with the Spacerays laser system by varying the amount of pre-
lase present in the laser pulses incident upon the metallic
foil targets. This pre^lase generated its own internal plasma
with nonparallel temperature and density gradients, and in
turn, its own magnetic fields. The effect reduced the magni-
tude of normalized density gradient scale length Ln . There-
fore, as can be seen from equation (24 J, the peak magnetic field
intensity will be reduced in proportion to the increase in the
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normalized density gradient. In this experiment, the magnetic
field rise time was observed to increase in direct proportion
to the amount of pre-lase present during an experiment. The
conclusion drawn from these observations is that the laser
pulse shape directly influenced the SGMFs peak intensity by
modifying the normalized density gradient, Vn /n in just the
e e
same manner as does the residual gas pressure.
That is, the presence of a pre-existing density gradient
produced by the pre-lase portion of the laser pulse, has the
effect of lengthening the magnetic field rise time by effec-
tively increasing the laser pulse length. Therefore, since
the source term of the magnetic field is linearly dependent
on the normalized density gradient, less intense peak mag-
netic fields are produced because the scale length over which
the density gradient occurs is increased by the pre-lase.
This direct influence of laser pulse length has been observed
in this experimental investigation, as shown in Figure 21,
where data from all the laser systems used herein are presented.
As proposed in their initial report on SGMFs, Stamper's
phenomenological model relating laser pulse length to magnetic
field duration has been observed. The fact that the Spacerays
laser pulse length is significantly shorter than that of the
Korad laser system allows the laser plasma to cool more rapidly
earlier in time, since it is the laser pulse which maintains
the temperature gradient, VT
,
in the source term for the SGMFs,
The dominance of diffusion as the primary magnetic field
transport mechanism for the SGMFs generated with the Spacerays
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laser system is evident from the lack of the increase in mag-
netic field rise time as the probe is moved farther out from
the laser focal spot, and the -unreasonably high convective
velocities implied by these experimental results if the field
is transported by convective processes. Such results are to
be expected for the experimental conditions which occur in
this experiment, and have been shown to correlate well with
computer simulations of similar experiments (Refs. 13, 14).
The pressure dependence of the SGMF signal for the short
pulse laser system has been evaluated and found to agree within
experimental errors with that observed by McKee and studies
subsequently by Bird (Refs. 4, 5).
Further experimental results have been collated in Appen-
dix D, where several ancillary experiments on two other laser
systems are discussed and their significance mentioned.
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IX. FUTURE EXPERIMENTS — PROPOSALS
Though the original questions asked in this investigation
have been answered, as is the case more often than not, other
questions have been raised. More experimentation is required
to adequately understand the generation and propagation of
both the SGMF and ETS . The following are proposals for several
appropriate experiments designed to answer some of the ques-
tions which have arisen in this work.
A. At the AFWL , a K1500 ruby laser has been converted to
operate either in a conventional Q-switch or TVR mode.
With this laser system, the relative importance of the
convection and diffusion terms in the equation govern-
ing the magnetic field signals (Equation 5) can be more
fully investigated than has been possible in this and
previous studies of SGMFs
.
B. The possible use of an optical diagnostic technique to
study the strong focal spot fields is under considera-
tion at NRL, LASL, and the AFWL. In such an experiment
perhaps using the Faraday rotation of an incident laser
probe beam by the SGMFs, peak magnetic fields near the
focal spot could be measured and the computer simula-
tions presently available improved with the experimental
scaling laws derived from such experiments
.
C. Holography and shadowgraphy can be used to correlate
the position and magnitude of the plasma electron
density and density gradients at various times after
laser pulse arrival at the target with the measured
peak fields at the same times. Such experiments should
conclusively show whether the field transport is either
diffusive or convective, depending upon the relative
profiles of the magnetic field and the electron density.
D. 3y beam splitting, or the use of multiple lasers, two
or more laser pulses can be made to impinge upon a
target with a variable time interval. Such an experi-
ment should re~confirm or deny the claims made by LASL
CRef. 6] that they have effectively reversed the roles
of temperature and density gradients and produced a





The Spacerays Time Varying Reflectivity CTVR) laser sys-
tem used to obtain the major portion of the data in this
experiment is Q-switched in a different manner from either
the CGE VD640 Nd glass laser which uses a rotating prism, or
the K-1500 ruby laser which uses a Pockel's cell in the "con-
ventional" manner.
The technique used in a TVR laser is one of varying the
reflectivity of the laser oscillator's front optical element
from to 100% and then back to 0% using a Pockel's cell and
birefringent calcite polarizer. It is accomplished on this
system as seen in Figure 26. During the initial flash lamp
pumping of the ruby rod, no voltage is applied to the Pockel's
cell so that the spontaneously emitted, horizontally polarized,
ruby photons are allowed to pass through the birefringent cal-
cite prism and out the front of the laser. The vertically
polarized photon flux is totally internally reflected by the
calcite and 10 0% dielectric mirror, whereupon it returns
through the rod and is dumped from the system by the glan-
thompson polarizer at the rear of the ruby rod. To a photon
flux polarized in the horizontal plane, then, the system
appears as a resonant rear reflector.
At the time of peak population inversion, the Pockel's
cell is- activated with a voltage from a charged transmission
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line which rotates the plan of polarization of the photon
flux passing through it by +tt/2 (half wave voltage) . In
essence then, for the time the voltage is applied to the
Pockel's cell, the horizontally polarized photon flux is
allowed to build up in the cavity by spontaneous and stimu-
lated emission but is totally contained by the 100% reflec-
tors at either end of the cavity. At the time of maximum
internal photon flux, the front reflector is returned to a
condition of 0% reflectivity by turning the Pockel's cell
off; the photons pass out the front in a pulse whose duration
is determined by the cavity length, the pulse width being
equal to the round trip transit time for the photons in the
cavity. In practice, the shape is triangular because the rise
and fall time of the Pockel's cell voltage is not infinitely
sharp
.
If the oscillator voltage is not carefully regulated, the
total pulse shape can be significantly different because the
change in charging voltage causes a temporal shift in the
optimum time at which the Pockel's cell should be activated,
and no provision is available for such a shift as a function
of oscillator voltage. In essence, one Q-switches the cavity
at a nonoptimum time and most of the output energy appears on
target, not in the giant pulse but rather in a longer teirmorally
diffuse leakage pulse. The Pockel's cell then acts like a
"conventional" Q-switched laser front reflector, and a 30 ns
PWHM pulse is obtained. More information is available on such




PROBE RESPONSE AND CALIBRATION — EXPERIMENT AND THEORY
In addition to evaluating the angular response of the
magnetic probes which were constructed in this work, the mea-
sured magnetic probe frequency response was compared with a
simplified theory where the probe was represented as an R-L
circuit. Since the probe resistance of 0.5 - 1.1J2 is. much
less than the co-axial cable resistance, 50 Q, there is no sig-
nificant frequency dependence in the probe until uL becomes
comparable to that of the co-axial transmission line (RG 5 8
cable) . At this point, i.e., uL % 50fi a partial signal
integration, or roll off in frequency response is to be
expected, similar to that observed in calibration curves shown
in Figure 27. However, since the roll-off frequencies cal-
culated for the probes and the measured values differ as much
as they do, as shown in Table IV, other effects are involved.
One source of response degradation is the bandwidth of
the oscilloscopes used for calibration, though this is insuf-
ficient in itself to account for the roll-off frequency being
so much lower than predicted. A second source of error is the
simple model used to predict this roll-off frequency where




PROBE DESIGN DETAILS AND CHARACTERISTICS
7 5 0,0799 50
9 5 0.0799 **
19 4 0.0799 33
22*** 5 0.3211 33
23 5 0.3211 37
L*** 3 0.3211 ****
Probe No. of Wire* Roll-Off Frequency Effective








* #40 magnet wire and #28 magnet wire used.
** resonance measured at 40 MHz; no roll-off detected to
at least 50 MHz.
*** coil interior free of glue and epoxy.
**** coil too large to fit into Helmholtz coil; area cal-
culated theoretically.
To assess the possible influence of a nonazimuthal mag-
netic field component on a probe signal when the probe was
situated in a manner to detect an azimuthal field, a quantity
termed the extinction ratio (E.R.) was measured for each probe,
This quantity is simply the response of the probe when the
normal to the magnetic probe area was oriented parallel to the
magnetic field, divided into the response when it was perpen-
dicular, i.e.
E.R. =




It was found that this ratio varied from approximately 20 to
100 , depending upon frequency, being larger at lower fre-
quencies . The explanation lies partially in the fact that at
high frequencies C>15 MHz) , there is a direct pickup in the
cables and oscilloscope amplifiers which is larger in propor-
tion to the total signal in the parallel arrangement than it
was when the probe normal and the magnetic field were perpen-
dicular to one another.
Also, probes were routinely checked for the expected
cosine response as a function of angle between the magnetic
field and probe vector area. Such a cosine behavior was
found to be an adequate description of the probe behavior for
all probes constructed.
To determine the magnetic field intensity from the volt-
age induced in a diamagnetic loop, the effective area of the
loop must be known. One of the simplest techniques for
evaluating this area is to use Helmholtz coils to produce a
spatially uniform, time varying, magnetic field which in turn
is used to excite the probe coil. Knowing the magnetic field
in the Helmholtz coil and the induced voltage in the probe,
the area of the probe can be evaluated.
The magnetic field intensity in a Helmholtz coil, which
has the coil separation equal to the coil radius, is given in
MKS units as
0.72 Nip n _ .B « l£ (B.2J
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where : i = current
N = number of turns
d = radius of coil
A time varying field is required to induce a potential in the
probe. Such a field of variable frequency and amplitude was
generated from a GR180A signal generator.
The voltage across the Helmholtz coils can also be obtained
by considering it as a pure inductive load so that
Vcoil ='c| <B - 3 >
Combining CB.2) and (B.3), after differentiation with respect
to time, yields:
dB °- 72 M*o Vcoll
5 = 51 (B - 4 '
The potential across the probe leads is obtained from
Maxwell's equation after integration over the area dA via
/v X E • <JA =/e • dl = l^fl
f*
B • dA
dl = v = — BAn = A„ ^P 3t P P dt
(B.5)
if B is assumed not to vary over the probe area. Then com-
bining (B,4I and CB.5I yields:
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dB Vg 0.72 NnQ - Vcoil




The voltages Vp and VCQ^ 1 are read directly off on oscil-
loscope, and the other parameters are known; Lcoil was
obtained from experimental measurements as described below.
Then
A- Go] = C011 P • (B.7)
coil
where
1^^! r _^2 (B.8)^ox±
- 0.72 Ny
when the frequency dependence is explicitedly shown.
The inductance of the coils , four of which were con-
structed, was measured by measuring the ringing frequency of
an L-C circuit of which the L was the coil. Calibrated capa-
citors were used, and the square wave calibration pulses from
an H-P 180E oscilloscope were used to excite the circuit. L
was then obtained from the approximate expression




where the circuit resistance was assumed to be 0, and where
f is the ringing frequency of the damped sine wave which is
produced by this circuit. Table V summarizes the character-






























By amplifying the few millivolt signal obtained from the
single turn coil with an H-P 641A wide band amplifier, only a
single Helmholtz coil was found necessary to cover the fre-
quency range of 0.1 to 50 MHz over which the probes were
calibrated. The use of the single coil for calibration addi-
tionally yielded calibration data with significantly less





NUMERICAL DIGITAL FILTERING OF dB/dt DATA
In the attempt to remove very high frequency noise which
is present in many of the data traces obtained in this experi-
ment, and to be able to assess the importance of high fre-
quency components in the data itself, a fourier analysis code
and a time domain digital filtering code have been obtained,
modified, and used in reducing the digitized magnetic signals.
The routine employed uses a linear nonrecursive technique of
digitally filtering the data.
If one passes an input signal, X(f) , through a network
Cprobe, signal cable, and oscilloscope), the signal which is
recorded, Y(f) , is different than the input because of the
filtering action of the network through which it passed. This
filtering can be described by the use of a transfer function,
H(f), which may be defined in terms of the two signals des-
cribed above via
HCf) = Z&- (C.l)
YCf)
This definition, however, is not operationally useful as it
requires both the input and output signals to be known; in
general, one is trying to obtain the input signal, X(f )
,
given the output signal, YCfl, and some idea of the transfer
characteristics of the network in the frequency domain, while
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A straightforward fourier analysis is required to obtain H(t)




eiut HC2*f} du CC.2)
One can alternately think of HCt) as the unit impulse (delta
function] response function.
In this time domain the input and output functions are
related via
Y(t) = / HCf! X(t - t') dt' (C.3)




= ]C Hk (f) Xi+k (t) (C ' 4)
k-1
where H, (f) contains the At terms from C.3, and is referred
to as filter weights. The remaining problem then is to obtain
these filter weights.
In the work herein, the filter function used is specified
in the frequency domain as a step function with unit amplitude
between and a frequency f, and then a linear fall~off to
amplitude in a frequency range of .If CFigure 28} . This
filter shape is referred to as a P=l Ormsby filter CRef . 34)
.
In his original work, Ormsby allowed the linear portion of
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the filter to roll off at a higher power than 1, but the P=l
case is deemed sufficient for this work. The frequency range,
to l.lf , in this work was chosen as 50 Mhz which is also
the range of the probe calibration; it is sufficiently high
in frequency that no data are observed at frequencies greater
than this
.
One advantage of this type of filter, in addition to its
intuitive nature, is that there is analytic expression avail-
able from which one can estimate the maximum numerical error
introduced by "filtering the raw experimental data. The error
in per cent, arising from using N_ fourier terms to represent
the filter function in the frequency domain is given by an






Error C%) = -? (C.5)Lr
The number of terms used in this work is 20, while Lr is fixed
at 0.1, so that an upper bound on the purely numerical error
introduced by this numerical filtering technique is one per
cent, within the estimated error arising from digitizing the
raw polaroid traces
.
The FORTRAN filtering routine used in this work was derived
and computer coded in 196 8 by Mr. Robert Conley of the AFWL,
and was modified in 1972 to operate on the data obtained from
magnetic probes. Though not included herein, it has been
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shown that the technique which he used in obtaining the h.
filter weights is equivalent to Ormsby's result.
One should note here that in addition to the low pass
Ormsby filtering used, that the nature of the magnetic probe
response is that of a similarly shaped filter whose roll-off
frequency is approximately 20 - 25 MHz. In essence then, the
probe filters the data (i.e., magnetic field signals) with a
roll off at frequencies of 25 to 35 MHz; the numerical filter
eliminates HF noise picked up directly in the oscilloscope,
or the co-axial cable linking the probes with the oscil-
loscopes
,
with a frequency roll-off point of approximately
45 MHz. As a practical matter, it has been found from param-
etric studies that without such a digital filtering routine,
the effects of the probe response, the digitizing of the data,
and the limited number of fourier terms in the expansion,
caused undesirable high frequency components to be magnified
and introduced nonphysical oscillations in the resulting data.




Nd AND CO 2 LASER WAVELENGTH EFFECTS AND TARGET MATERIAL STUDY
A. SGMF AND ETS DATA — OTHER LASER SYSTEMS
To investigate the effects of laser pulse length, laser
wavelength, and total laser energy input to the laser plasma
on the magnetic signals obtained from such plasmas , a CGE Vd-
640 Nd doped glass laser, and an electron beam pumped CO2
laser have been used. The Vd-640 system laser pulse possess
the same temporal characteristics of 30 ns FWHM as that used
by previous investigators of SGMFs (Ref. 2, 4, 5). The pulsed
CO2 system operates at 10.6 microns, a wavelength not before
used to generate SGMFs and ETS.
1. Nd Glass Laser -- Experimental Data
Experimental magnetic signal data were gather using
the CGE Vd-640 Nd glass laser. Twelve to fifteen joules were
o
delivered at a wavelength of 10,600 A to 2 mil mylar and 5 mil
copper targets at 0° and 45° incidence angles, in a 30 ns FWHM
pulse. Only a limited number of data shots were available
using this laser system. No timing data were available though,
with which the relative arrival times of the laser pulse and
magnetic probe signal could be evaluated. Figures 29 - 31 are
dB/dt data, redrawn for clarity, obtained on this system.
Figure 29 includes a typical laser pulse, displaying the com-
plex structure which is generated by the rotating prism O-switch
used in this laser system, as well as four data measured with
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magnetic probes at different background gas pressures. Figure
30 displays the multiple pulse structure evident in nearly all
the data obtained on the Nd glass laser system. Figure 31 is
a comparison of the magnetic probe signals obtained when the
laser was incident upon 2 mil mylar and 5 mil copper targets.
Note that both McKee CRef. 41 and Stamper (Ref . 2) used hydro-
carbon Clucite or mylar J targets in their investigations of
SGMFs.
2 . Nd Glass Laser Data — Discussion and Interpretation
In Figure 29, a number of features- should be noted:
CI) the magnetic probe signal rise time is on the order of
150 ns , a factor of two to three larger than that observed on
the Spacerays system; C2) there is a small ETS present and
identifiable; (3) the half-width of the SGMF signals is 250 -
300 ns , comparable with the results of previous investigators.
The most intense SGMF measured in this experiment is that
shown in Figure 29C. The magnetic intensity, B, was 750 gauss,
at a probe location of (0,7,5). The multiple pulse structure
shown in Figures 30a and 30b is definitely magnetic because
as shown, it reverses upon probe rotation by 180°. Its orgin
however, is less clear. It was not observed when the back-
ground pressure is raised to values of 400 and 750 mTorr in
agreement with Stamper's results CRef. 2) obtained at pressures
of 250 mTorr of N 2 r where smooth rise and falls of the dB/dt
signals were reported.
In Figure 31, where two target materials were used,
the thick metallic target magnetic probe signal is longer
97

lasting, and does not display the double pulse structure evi-
dent on that obtained with the mylar target. A hole was bored
through the plastic target, while there was only surface
damage occurring on the copper foil target. No further study
of SGMFs and ETS was done on the Nd glass laser.
The conclusions drawn from this work, however, are
the following. First, the presence or absence of the ETS is
much less evident on the Nd glass data than in that obtained
on the Spacerays system. Secondly, the multiple spike phenomena
shown in Figure 30 was present only for thin mular targets
,
and occurred near the peak (maximum) of the integrated B(t)
traces Cor zero point of the dB/dt data) . Thirdly, the limited
Nd glass data does imply that the SGMFs measured using this
laser are carried by the plasma. This conclusion was drawn
because the magnetic field data obtained further from the focal
spot reached a maximum later in time than did data obtained
nearer to the target. Fourthly, in comparison with the data
obtained on the Spacerays laser system, the longer pulse
length of this system, and the increased energy on target both
have been found to contribute to the different temporal charac-
teristics of the SGMF signals which were observed. The effect
of the total energy on target was to increase the plasma tempera-
ture and, therefore, the importance of convective field trans-
port; the effect of the longer pulse length is to increase the
volume which the plasma occupies and in which SGMFs exist and,
therefore, the rise time of the magnetic signals, since the
laser was incident upon the target for times during which the
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laser plasma increased its volume nearly 50-fold. The cor-
responding volume increase for the Spacerays laser system was
approximately a factor of four.
3. CO2 Laser — Experimental ETS and SGMF Data
The fourth laser system used in this experiment was a
cold cathode electron beam pumped CO2 laser, recently developed
at the AFWL (Ref . 43} . In the configuration used for the
experiments herein, an unstable ring coupled cavity resonator
was used. Approximately half of the 30 joules of laser energy
is emitted in a self-mode locked 80 ns FWHM spike, while the
other half of the energy is delivered in a two to three micro-
second trailer pulse.
The data obtained on the C0 2 electron beam pumped
laser was at normal incidence on 20 mil aluminum and copper
targets. Two significant results have been obtained with this
system and are reported here. Figure 32 is a dB/dt data, re-
drawn for clarity, recorded at a position (40,30) mm from the




Discussion and Interpretation of ETS and SGMF Data-
C0 2 Laser
Note first that in Figure 32, the ETS has a half-width
on the order of 80 - 100 ns , a factor of 1.0 - 1.2 times the
initial laser pulse width. Secondly, the rise time of the
SGMF is on the order of several microseconds several times that
observed with the 40 - 50 ns ruby or 30 ns Nd glass laser, and
an order of magnitude larger than that observed with the
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Spacerays laser. Thirdly, the magnetic field intensity at the
probe location, 50 mm from the laser focus, is 35 gauss, almost
two orders of magnitude larger than previously reported field
strengths at or near this distance (Ref. 2). These are effects
resulting from the laser pulse shape. The trailing pulse con-
tinuously creates plasma from the target surface, and because of
the X+3 dependence on photon wave length CRef. 15) of the inverse
bremsstrahlung absorption coefficient, effectively heats the ex-
panding laser plasma for time scales far longer than for the
other laser systems used in this experiment. Assuming a plasma
expansion velocity of 10 7 cm/sec, the laser beam is still inci-
dent on the plasma (and target) when the leading edge of the
laser plasma passes the probe location of (40,30) mm.
The two data on Figure 33 were obtained for magnetic
probe orientations of 0° and 180°, verifying the magnetic charac-
ter of the ETS and SGMF signals for the CO2 wavelength.
5 . Magnetic Field Data Characteristics — Summary and
Wavelength Dependence
An intercomparison of the SGMF and ETS magnetic field
data obtained with each laser system is displayed in Figure 22;
the corresponding laser pulses are displayed in Figure 21.
The magnetic probe location for these data is (7,5) mm, except
in the case of the C0 2 data. For the CO2 laser, the data
presented was obtained at the position C13,9) mm, which was
as close to the focal spot as data were gathered on the CO2
laser.
From the data obtained in this experimental study, the
lasing wavelength appeared not to cause any significant
lno '

differences in the ETS or SGMF signals — those differences
which can be observed on Figures 22 are attributed to the
differing pulse shapes and lengths shown in Figure 21.
6. Ancillary Experiments Concerning ETS and SGMFs
A study of the characteristics of the ETS and SGMFs
on an ancillary experiment has been performed using the Space-
rays laser to evaluate the effects of differing target materials
on the ETS and SGMF signals
.
a. Material Study — Experimental Data
The dependence of the magnitude and character of
the ETS and SGMF signals were evaluated in the four nanoseconds
FWHM mode. The range of atomic number covered was then 26 - 82;
background gas pressures of 1, 20, and 200 mTorr were used to
investigate the effect that background gas pressure had on the
ETS and SGMF for these target materials. Two probes, located
at different spatial locations, were used for each data shot.
Figures 34, 35, and 36 present the material study results for
the three pressures as a function of Z, the atomic number.
Additional material variation data were obtained at the longer
16 ns FWHM pulse length on the Spacerays laser and similar
results to those presented here were obtained.
b. Material Study — Interpretation and Discussion
A number of conclusions can be drawn from Figures
34 -36. First, the ETS and SGMF magnitudes vary significantly
as a function of target material and background gas pressure.
Secondly, the higher the background pressure, the more intense
the SGMF, while at this probe position the ETS reaches a peak
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near a pressure near 2 x 10~ 2 Torr, somewhat higher than that
measured at a position CI. 5, 6, 61 and reported in an earlier
section of this paper.
An adequate explanation of the relative magnitudes
of the peak intensity of the ETS and SGMFs as a function of
target material is as yet lacking as the attempt has been made
unsuccessfully to correlate the above experimental results
with the obvious parameters of first - fourth ionization poten-
tials, metallic conductivity, atomic weight, atomic number,



















































z Z Z Z Z 2 Z ' Z Z Z 2 2 z a z z -
1
zq






FIGURE 4 MAGNETIC PROBE DESIGN
1/2" LUCITE 6 mm GLASS
MICRODOT























FIGURE 6 SIGNAL REVERSAL UPON




















FIGURE 8 PRELASE CONTRIBUTION TO
MAGNETIC SIGNAL AT POSITION (3.5,0,2)























FIGURE 9 MAGNETIC SIGNAL WITH SOME
LASING CAVITY LEAKAGE AT (3.5,0,2) FOR












FIGURE 10 MAGNETIC SIGNAL FOR
%
N0' Q SWITCHED PULSE AT (3.5,0,2)
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FIGURE 19 EXTRAPOLATED FOCAL
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FIGURE 21 TYPICAL dB/dt DATA FROM
ALL LASER SYSTEMS FOR 50mTORR



















FIGURE 22 LASER PULSE SHAPES FOR ALL
LASER SYSTEMS AT: (d) 250 MW,
(b) 400 MW, (c) 200 MW, (d) 500 MW,
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FIGURE Nd GLASS LASER PULSE AND




FIGURE 30 MULTIPLE PULSE DATA FROM
Nd LASER ON 0.002" MYLAR- 30ns PULSE
ATO IN 10 mTORR OF AIR AT (10,0,5)
FIGURE 31 COMPARISON OF dB/dt SIGNALS
FROM Cu AND MYLAR TARGETS- 30ns PULSE
AT 0° IN 25 mTORR OF AIR AT (10,0,5)
2J





FIGURE 32 dB/dt, C02 DATUM AT (40,0,30)mm
C02 LASER ON Cu AT 0° IN 2.5 mTORR OF AIR














FIGURE 33 dB/dt DATA AT (a) (15,0,9) (b) (I3A9)
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